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SYSTEM, METHOD, AND APPARATUS FOR
HEATING

[0001] The present invention relates to a heating element
controller for a liquid heating system. The invention further
relates to a system for heating liquids. Another aspect of the
invention relates to a plume entrainment unit for liquid heat-
ing systems. The invention further relates to a method of
controlling a heating element for a liquid heating system.
Another aspect of the invention relates to a device for heating
liquids in a heating vessel.

BACKGROUND OF THE INVENTION

[0002] Domestic hot water (DHW) systems are typically
serviced entirely or are supplemented by an electric immer-
sion element in a hot water tank. The element comprises of a
resistive wire which dissipates heat as current flows through
it. Usually, an integrated thermostat is fitted to the unit. The
thermostat allows the user to set the temperature (typically 50
to 60° C.). Whilst this temperature is too high for direct use in
most DHW applications, (i.e. the hot water has to be mixed
with cold to deliver a comfortable shower or bath), it is not
feasible to store water at lower temperatures because:
[0003] Lower temperatures can promote the growth of
Legionnaires bacteria (20-45° C.)
[0004] DHW tanks would have to be bigger if operated at
a lower temperature to service the same volume of hot
water to the user
[0005] This means thatheat losses are relatively high whilst
the tank is at its highest temperature. Most immersion con-
trollers currently on the market have an embedded time ref-
erence that allows the user to program the times at which the
immersion heating element is turned on and off. In this way
the user requests the tank to be heated during a given period.
However, the warm up time for a hot water tank depends on
various factors, including:
[0006] The temperature preset value on the integrated
immersion thermostat
[0007] The volume of the hot water tank
[0008] The ambient temperature of environment in
which the hot water tank is situated
[0009] Effectiveness of any insulation fitted to the hot
water tank
[0010] Since there is uncertainty over how much time the
element needs to be on for to heat the tank’s volume to the
required temperature, the user has to make a guess. This leads
to two potential problems, overestimating or underestimating
the required warm up time leading to the following conse-

quences:
[0011] Overestimation
[0012] Overestimation results in excessive energy use

whilst the element maintains the tank temperature at the ther-
mostat preset value for longer than is necessary. At this tem-
perature thermal losses are greatest due to the high tempera-
ture gradient across the tank walls.

[0013] Underestimation

[0014] Underestimation prevents the water attaining the
correct temperature, this can be an inconvenience but more
seriously could lead to an environment in which legionnaires
or other bacterium may flourish.

[0015] Users tend to overestimate, to avoid unpleasant sur-
prises with insufficient hot water.

[0016] Electric domestic hot water systems in the UK typi-
cally comprise of an insulated copper tank with a volume in
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the region of 100 litres. An immersion element is usually
fitted to the bottom of the tank. When the user demands hot
water, current flows through the resistive wire in the immer-
sion element causing heat to be dissipated around its surface.
This heat is transferred to the water immediately surrounding
the element. Since the density of water is inversely propor-
tional to its temperature, any water around the element that is
warmed rises from the element to the top of the tank due to its
reduced density. In the process of migrating to the top of the
tank, heat is transferred to the surrounding cold water such
that the thermal energy is diluted over a larger volume of
water thus reducing its temperature. This process leads to the
following problems:

[0017] Domestic hot water is only effective above a cer-
tain temperature, where a user requires a small volume
of hot water, say for filling a sink, a relatively large
amount of energy must be consumed to produce an
excessive volume of hot water since heat delivered at the
bottom of the tank is diffused during stratification.

[0018] For a tank with a single immersion element at the
bottom, a large amount of time must pass before water is
heated to a useful temperature for any application
regardless of the volumetric requirement.

[0019] To satisfy the need of efficient, energy-saving liquid
heating systems, a more intelligent control of one or more
heating elements used to heat the contents of a vessel is
required. In particular, a more intelligent means of generating
thermal energy through a combination of timing and or posi-
tional control is required.

SUMMARY OF INVENTION

[0020] According to one aspect of the invention, there is
provided a heating element controller for a liquid heating
system, wherein the heating element controller is arranged to
determine the duty cycle of a heating element; and modulate
(or vary) the timepoint of heating initiation by the heating
element in dependence upon an expected (or estimated, or
pre-determined) duration of completing the heating process
and upon a required time at which the heating process is to be
completed (or arequired time at which liquid is to be available
in a pre-determined heated state); and wherein said expected
duration is determined in dependence on said duty cycle.

[0021] This allows the user to input the time at which the
hot liquid is required, instead of setting the on and off times.
Conventional immersion controllers allow specification of
the on and off times, but without any regard as to whether the
heating process has delivered sufficient hot water. Input of the
time at which the heating process is to be completed (or the
hot liquid is required) is more convenient to the user. The
heating element may for example be an immersion element
for a water heating system, for heating a volume of water for
example in a hot water vessel or tank. The heating process is
in particular the process of heating the liquid to a pre-deter-
mined heated state (for example in dependence on a thermo-
stat or a heating setpoint). The heating process is usually
completed when a pre-determined heated state is attained. A
phase of maintaining the heated condition may follow
completion of the heating process. The phase of maintaining
the heated condition may continue for a pre-determined (user-
input) time. Determining the duty cycle and the expected
duration in dependence on the duty cycle provides the advan-
tage that the controller can be retrofitted, offering cost-effi-
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cient and convenient means of providing the advantages of
input of the time at which the hot liquid is required, instead of
setting the on and off times.

[0022] Preferably, the heating element controller in one
state determines the duration of completing the heating pro-
cess. In particular, the heating element controller is arranged
to measure the duration of completing the heating process in
order to determine an expected (or estimated) duration. For
example the controller may be arranged to measure the time
taken for the element to heat the volume of water. This allows
more accurate determination of the duration of the heating
process. Users are likely to overestimate the duration of the
heating process, causing the heating process to be completed
before the hot water is required. This results in using more
energy than necessary to fulfil the user’s needs. This can be
overcome by estimating future time durations over which the
heating element will need to be turned on in order to satisfy
the user’s requirement.

[0023] Preferably the required time at which the heating
process is to be completed (or the liquid is to be available in
the heated state) is a user-input time selection. In particular,
the controller may comprise a user input, and in which the
required time at which the heating process is to be completed
(or the liquid is to be available in the heated state) is a user-
input time selection. This allows the user to determine, and
modify, his hot water demands of the system.

[0024] Preferably the heating element controller is suitable
for use in a heating system comprising at least one heating
element and at least one heating vessel. The heating controller
may be retro-fitted to an existing heating system, thus upgrad-
ing conventional heating controllers while minimising costs.
[0025] Preferably the controller is arranged to calculate the
timepoint of heating initiation using an algorithm.

[0026] Preferably the controller is arranged to monitor at
least one of: energy; current; and voltage supplied to the
heating element in order to measure the duration of complet-
ing the heating process. The energy (or current, or voltage)
supply to the heating element may be thermostatically con-
trolled. The current and/or the voltage may be monitored as
indicators of the energy, though each on its own may not be
sufficient to determine the magnitude of the energy supplied
to the heating element (the current waveform alone may for
example not determine the energy consumption in the
absence of voltage and relative phase between voltage and
current (power factor)).

[0027] More preferably, the controller is arranged to moni-
tor the electrical current to the heating element in order to
determine the duration of completing the heating process.
This allows relative ease of retro-fitting, while permitting
monitoring of the heating process. The controller may also be
arranged to use the output of an ambient temperature sensor in
calculating the duration of the heating cycle.

[0028] Preferably the heating element controller is suitable
for use in a heating system further comprising a thermostat
arranged to control operation of the heating element. Ther-
mostats are widespread in immersion heating elements, and
may operate to connect or disconnect the heating element
from a current supply in dependence upon the temperature of
the tank’s liquid content. The thermostat may regulate the
temperature by other means, for example by gradually reduc-
ing the energy supplied to the heating element.

[0029] Preferably the controller is arranged to determine
the duty cycle of the heating element. More preferably, the
controller is arranged to determine the duty cycle from moni-
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toring the electrical current waveform to the heating element.
The voltage transient may also be indicative of the electrical
current waveform, and hence duty cycle. The electrical cur-
rent (and its waveform) is indicative of the energy deposited
in the vessel. When the vessel approaches the heating set-
point, it most likely reduces energy deposition in the vessel.
This can be used for the controller to determine when the
heating process is completed.

[0030] Preferably the controller is arranged to determine
completion of the heating process by comparison of the heat-
ing element duty cycle on/off ratio to a predefined threshold
ratio. As a thermostat switches the heating element on or off,
this is reflected in the current drawn by the heating element. In
the beginning of heating, the on phase is relatively long; later,
when the temperature approaches the setpoint, the thermostat
may switch between ‘on’ and ‘off” states more frequently.
Other switching patterns are possible, and the controller may
be adapted to correlate the duty cycle with the proximity of
the temperature to the setpoint.

[0031] Preferably the controller modulates maintenance of
the heated condition once the heating process is completed.
More preferably, the controller is arranged to control the
supply of energy to the heating element to maintain the heated
condition once the heating process is completed. More pref-
erably, the controller is arranged to supply energy to the
heating element at shorter and more frequent intervals than a
pre-determined or expected thermostat hysteresis cycle. Once
the setpoint is achieved, the temperature is maintained at the
setpoint. To compensate for heat losses to the environment,
further energy is supplied to the vessel. For a thermostat, the
frequency and duration of energy supply depends on the
thermostat hysteresis. Instead of supplying energy for a rela-
tively long period at relatively long intervals, the controller
can enforce shorter energy supply at shorter intervals. This
allows the vessel temperature to be maintained at a more
uniform temperature, avoids excessive temperature varia-
tions, and minimises fluctuations in temperature around the
desired setpoint. The controller may alternatively not main-
tain the heated condition, for example if the water is to be
delivered just in time for the user’s demand.

[0032] Preferably the controller comprises at least one of: a
current sensor; a sense resistor; a transformer; and a voltage
sensor for monitoring the electrical current to the heating
element. Other means of detecting current may be used. A
voltage sensor can be used to detect a voltage transient that
can indicate the presence or absence of current through the
immersion element. The magnitude of the voltage transient
depends on the impedance of the connection. The magnitude
of the voltage drop across the heating element may be mea-
sured by other means. Preferably the controller comprises at
least one of: a relay; a transistor; a field effect transistor; and
a bipolar transistor for initiation of heating. Other means of
initiating heating may be used.

[0033] Preferably the controller further comprises at least
one ambient temperature sensor, in dependence upon which
the controller further modulates or varies the timepoint of
heating initiation. The ambient sensor(s) may monitor for
example the air temperature immediately outside of the insu-
lation of a heating vessel belonging to the heating system;
and/or the inlet temperature of the cold (water) that feeds into
the heating system. Measurement may be direct or inferred.
For example one ambient temperature sensor may measure a
plurality of ambient temperatures, or a plurality of ambient
temperature sensor may measure a plurality of ambient tem-
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peratures. If the ambient temperature is higher than antici-
pated, then the heating process can be of shorter duration than
otherwise expected, and vice versa. Monitoring the ambient
temperature allows to correct for this effect, thus ensuring
supply of hot water at the required time while avoiding wast-
ing of energy.

[0034] Preferably the controller further is arranged to
modulate or vary the timepoint of heating initiation in depen-
dence upon information concerning the time(s) at which the
cost to the user of supplying energy to the element changes.
This allows optimisation of the heating in dependence on the
costs to the user. It might under some circumstances be more
cost-efficient to heat the vessel in a low cost tariff period
rather than just in time to ensure supply of the required supply
of hot water.

[0035] Preferably the controller is arranged to complete the
heating process prior to said required time. When there is a
transition from a lower to a higher cost tariff, it may be
preferable to arrange for heating to be completed prior to the
transition to minimise cost even though this means the tank
loses more heat to ambient prior to the user’s demand time.
[0036] Preferably the heating element controller further
comprises an indicator arranged to provide an indication to
the user when the heating process is completed. This allows
the user to determine if the required hot water is available, and
minimises the inconvenience caused to the user if the water is
ready earlier or later than required.

[0037] Preferably the heating element controller further
comprises means for computing a fouling parameter, and
means for controlling the operation of the heating element in
dependence upon the fouling parameter. This provides the
advantage of extended operational life of the heating element
and reduced operational costs.

[0038] For user convenience and safety the means for com-
puting the fouling parameter preferably comprises means for
computing a bacterial risk parameter.

[0039] For efficiency and ease of use, and to minimise
components, the means for computing the bacterial risk
parameter is preferably adapted to compute a concentration
of bacteria in at least a portion of the liquid heating system.
[0040] For efficiency the means for computing the bacterial
risk parameter is preferably adapted to determine a maximum
from a plurality of computed concentrations of bacteria in a
plurality of portions of the liquid heating system.

[0041] For accuracy the means for computing the bacterial
risk parameter is preferably adapted to compute the concen-
tration of bacteria in dependence on temperature data, a time
parameter, and a bacterial growth model.

[0042] For accuracy the means for computing the bacterial
risk parameter is preferably adapted to compute the concen-
tration of bacteria in dependence on a thermal model of the
liquid heating system.

[0043] For accuracy the means for computing the bacterial
risk parameter is preferably adapted to evaluate the thermal
model in dependence on the temperature data and the time
parameter, and to evaluate the bacterial model is evaluated in
dependence on the thermal model and the time parameter in
order to compute the concentration of bacteria.

[0044] For user convenience and safety the means for con-
trolling the operation of the heating element controller is
preferably adapted to activate the heating element when the
bacterial risk parameter surpasses a pre-determined thresh-
old.
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[0045] For user safety the heating element controller is
preferably arranged to generate an alarm signal if the bacterial
risk parameter surpasses a pre-determined threshold.

[0046] For minimisation of damage, reduced operational
costs, and user convenience the means for computing the
fouling parameter may comprise means for computing at
least one of: a scaling parameter, a bio-film thickness param-
eter, and a corrosion parameter.

[0047] For minimisation of damage, reduced operational
costs, reduced number of components, and user convenience
the means for computing the fouling parameter may comprise
means for computing a bio-film thickness parameter, and the
means for computing the bio-film thickness parameter may
be adapted to compute the bio-film thickness parameter in
dependence on a bio-film precipitation parameter, require-
ment data and bio-film cost data.

[0048] For minimisation of damage, reduced operational
costs, reduced number of components, and user convenience
the means for computing the fouling parameter may comprise
means for computing a corrosion parameter, and the means
for computing the corrosion parameter may be adapted to
compute the corrosion parameter in dependence on a corro-
sion rate parameter, requirement data and corrosion cost data.
[0049] For minimisation of damage, reduced operational
costs, reduced number of components, and user convenience
the means for computing the fouling parameter may comprise
means for computing a scaling parameter, and the means for
computing the scaling parameter may be adapted to compute
the scaling parameter in dependence on a scale precipitation
parameter, requirement data and scale cost data.

[0050] For accuracy the means for computing a scaling
parameter is preferably adapted to compute the scale precipi-
tation parameter in dependence on water composition data,
and thermal data.

[0051] For accuracy the water composition data preferably
includes a pH and a calcium carbonate concentration.
[0052] For accuracy the thermal data preferably includes a
thermal gradient and a bulk heating system temperature.
[0053] For accuracy and efficiency the means for comput-
ing a scaling parameter is preferably adapted to determine a
saturation value in dependence on the water composition data
and the bulk heating system temperature.

[0054] For accuracy and efficiency the means for comput-
ing a scaling parameter may be adapted to compute the scale
precipitation parameter in dependence the saturation value
and the thermal gradient.

[0055] For accuracy the means for computing a scaling
parameter may be adapted to compute the scaling parameter
in dependence on a measured heating element scale value.
[0056] For accuracy the means for computing a scaling
parameter may be adapted to evaluate a thermal response test,
the thermal response test comprising correlation of a heating
element heating pulse with a thermal response in the liquid
heating system.

[0057] For ease of use, efficiency, reduced number of com-
ponents, and cost-efficiency, the heating element controller
preferably further comprises means for computing a heat loss
cost parameter, and means for controlling the operation of the
heating element in dependence upon the heat loss cost param-
eter.

[0058] For ease of use, efficiency, reduced number of com-
ponents, and cost-efficiency the means for computing the heat
loss cost parameter may be adapted to compute the heat loss
costin dependence on cost data and a heat loss model, the heat
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loss model being evaluated in dependence on thermal mea-
surement data, liquid heating system parameters and require-
ment data.

[0059] For ease of use, efficiency, reduced number of com-
ponents, and cost-efficiency the heating element controller
may be arranged to control the operation of a heating element
such as to minimise an aggregate of the scaling parameter and
heat loss cost parameter.

[0060] Preferably there is provided a system for heating
liquids, comprising at least one heating element associated
with a liquid vessel, and optionally a heating element con-
troller as described above. More preferably the system further
comprises a thermostat arranged to control operation of the
heating element.

[0061] Preferably the system further comprises a tempera-
ture sensor associated with the heating vessel, the tempera-
ture sensor measuring a temperature associated with the lig-
uid temperature, in dependence upon which the controller
further modulates or varies the timepoint of heating initiation.
If the vessel temperature is higher than anticipated, then the
heating process can be of shorter duration than otherwise
expected, and vice versa. The heat may still be remaining in
the vessel for example from the previous heating period.
Monitoring the liquid temperature allows to correct for such
residual heat, thus ensuring supply of hot water at the required
time while avoiding wasting of energy.

[0062] Preferably the temperature sensor is at least one of:
athermocouple; a thermistor; a resistance temperature detec-
tor; and a diode thermometer. Instead of a temperature sensor
the temperature dependent resistance of the heating element
may provide an indication of a temperature of the liquid. In
this case inference of temperature via the pre-determined
temperature coefficient is possible. A thermostat with known
temperature coefficient may be retrofitted to ensure the tem-
perature coefficient is pre-determined. Further, a resistance
temperature detector (preferably a thermoresistive wire) may
be arranged in the heating element to provide an indication of
the temperature of the liquid. The detector or wire may be
arranged in series with the heating wire, or in an independent
circuit. These provisions allow inference of temperature via
the pre-determined temperature coefficient.

[0063] Preferably the heating element controller further is
arranged to vary the location of heat deposition in the heating
vessel in dependence upon a required quantity of heated
liquid. For example the heating element controller may be
suitable for use in a heating system comprising at least two
heating elements, wherein the heating element controller is
arranged to determine to which element energy is supplied in
dependence upon a required quantity of heated liquid.
[0064] As hot water in the vessel rises, it mixes with colder
water and levels the temperature difference. If, on the other
hand, hot water is generated at the top of the vessel first, then
a hotter upper stratus forms. If the user only requires a rela-
tively small volume of water, then much energy is wasted if
the entire vessel is heated up. Deposition of heat in a targeted
part of the vessel can create a smaller quantity of water at the
required temperature. This saves energy and shortens the
duration of the heating process, both advantageous to the user.
[0065] Preferably the required quantity of heated liquid is a
user-input quantity selection. This allows the user to deter-
mine, and modify, his hot water demands of the system.
[0066] Preferably the system further comprises an array of
at least two temperature sensors, each being associated with a
respective particular location on or in the heating vessel. This
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allows monitoring of the temperature distribution within the
vessel. The sensors may be in immediate contact with the
liquid, and/or they may be in immediate contact with the
vessel wall, and/or in proximity to the vessel. More preferably
the at least two temperature sensors are at least one of: a
thermocouple; a thermistor; and a diode thermometer.
[0067] For ease of installation and cost-efficiency the array
of at least two liquid temperature sensors may be floatingly
and/or sinkingly tethered to the at least one heating element.
[0068] For ease of installation and cost-efficiency the array
of at least two liquid temperature sensors may be attached to
the external wall of the liquid vessel, the sensors being in
thermal contact with said external wall.

[0069] Preferably the system comprises means for deter-
mining temperature in dependence on the change in resis-
tance with temperature of the heating element.

[0070] Preferably the liquid temperature sensor(s) com-
prises a resistance temperature detector in the heating ele-
ment being arranged to provide an indication of a temperature
of the liquid.

[0071] More preferably the controller is arranged to deter-
mine the thermocline of liquid in the vessel in dependence
upon the data provided by the at least two temperature sen-
sors. A thermocline connotes an abrupt temperature gradient
in a body of water, the layer above having a different tem-
perature from the layer below. The thermocline may be used
to infer the quantity of available hot water, in the case of the
hot water forming a distinct top layer.

[0072] Preferably the controller varies the location of a
moveable heating element. This allows control of the location
of’hot water generation. More preferably, the heating element
is moveable in the vessel, and the controller is arranged to
control the location of a moveable heating element. For
example, the moveable heating element may be a buoyant
heating element tethered to a control assembly which adjusts
the tether length. Adjustment of the tether length may for
example be via positional control of a winding drum (or
spooling device or similar) to which the tether is attached. The
moveable heating element may also be a weighted or heavy
heating element tethered to a control assembly which adjusts
the tether length and allows the heating element to sink. The
moveable heating element may be controlled via the angular
position of a motorised ball screw whose axis is parallel to or
collinear with the vertical axis of the vessel.

[0073] Preferably the controller varies the location of a
moveable heating element, the initial location of the move-
able heating element being in an upper part of a heating vessel
and the location being moved downward during operation of
the heating element. This allows hot water to be generated at
the top of the vessel first, forming a hot layer. Deposition of
heat in a targeted part of the vessel can create a relatively
small quantity of water at the required temperature. If the user
only requires a small volume of water, this saves energy and
shortens the duration of the heating process, both advanta-
geous to the user.

[0074] Preferably the controller is arranged to vary the
downward motion of the moveable heating element to locate
the heating element near to (preferably immediately beneath)
the thermocline. The controller may also be arranged to vary
the downward motion of the moveable heating element to
locate the heating element immediately above the ther-
mocline. The moveable heating element is preferably moved
in tandem with the development of the thermocline in a posi-
tion that minimises mixing. The controller may be arranged to
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vary the downward motion of the moveable heating element
to locate the heating element at or near the location with the
greatest thermal gradient in the liquid. The controller may
also permit upward motion of the moveable heating element.
The controller varying the location of the moveable heating
element can enable optimal heating with minimal mixing and
water circulation, ensuring efficient formation of a hot water
layer.

[0075] Preferably the location of the moveable heating ele-
ment is dependent upon at least one of: required time at which
liquid is to be available in the heated state; required quantity
ot heated liquid; information concerning the time(s) at which
the cost to the user of supplying energy to the element
changes; heat transfer coefficient or temperature difference
between the heating element and the surrounding water; and
optimal proximity to thermocline that ensures adequate heat
transfer between heating element surface and surrounding
water along with minimal convective mixing.

[0076] Preferably the system comprises a plurality of heat-
ing elements, wherein the controller is arranged to control the
sequence of operation of the heating elements. In general the
controller may be arranged to modulate or vary the sequence
of operation of a plurality of heating elements. This allows
control of the location of hot water generation. More prefer-
ably, the controller is arranged to initially operate a heating
element in an upper part of a heating vessel and subsequently
further operates a further heating element in a lower part of
the heating tank. The individual heating elements are
switched on in a sequence from top to bottom. More prefer-
ably, the controller is arranged to operate the immersion ele-
ments above the thermocline and one element beneath the
thermocline. As more hot water is generated, the thermocline
gradually moves downward. This can enable optimal heating
with minimal mixing and water circulation, ensuring efficient
formation of a hot water layer.

[0077] Preferably, the system for heating liquids comprises
aplume entrainment unit, wherein the plume entrainment unit
arranged to channel liquid from a location of heat deposition
into a reservoir region. This may assist the formation of'a hot
water layer at the top. In particular this permits use of a
heating element at the bottom of the vessel.

[0078] Preferably the plume entrainment unit comprises a
tubular structure attached to a heating element. More prefer-
ably the tubular structure comprises a porous membrane. The
tubular structure may comprise folds. The plume entrainment
element may further comprise at least one of: a buoyant rim;
and a directional cowl. The buoyant rim assists positioning of
the tubular structure such that hot water is channeled upward
from the heating element. The directional cow] assists retain-
ing hot water in the tubular structure, and prevents it from
circulating freely in the vessel.

[0079] According to another aspect of the invention, there
is provided a device for heating liquids in a heating vessel,
comprising a heating element and means for varying the
location of the heating element in the heating vessel.

[0080] Preferably the varying means is adapted to vary the
location of the heating element over a substantial portion of
the vessel (say more than a quarter or a third or a half of the
maximum linear dimension of the vessel, or once or twice the
maximum linear dimension of the heating element).
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[0081] Preferably the varying means comprises a spooling
device.
[0082] For reduced number of components the device may

further comprise atemperature sensor capable of measuring a
temperature.

[0083] For ease of installation and reduced number of com-
ponents the heating element may comprise a thermostat hav-
ing an integrated temperature sensor.

[0084] The device may be incorporated into a system as
described above.

[0085] According to another aspect of the invention, there
is provided a heating element controller for a liquid heating
system (optionally as described above), wherein the heating
element controller is arranged to vary the location of heat
deposition in the heating vessel in dependence upon a
required quantity of heated liquid.

[0086] As hot water in the vessel rises, it mixes with colder
water and levels the temperature difference. If, on the other
hand, hot water is generated at the top of the vessel first, then
a hotter upper stratus forms. If the user only requires a rela-
tively small volume of water, then much energy is wasted if
the entire vessel is heated up. Deposition of heat in a targeted
part of the vessel can create a smaller quantity of water at the
required temperature. This saves energy and shortens the
duration of the heating process, both advantageous to the user.
[0087] According to another aspect of the invention, there
is provided a system for heating liquids (optionally as
described above), comprising at least one heating element
associated with a liquid vessel, and a heating element con-
troller, wherein the heating element controller is arranged to
vary the location of heat deposition in the heating vessel in
dependence upon a required quantity of heated liquid.
[0088] According to another aspect of the invention, there
is provided a plume entrainment unit for liquid heating sys-
tems (optionally as described above), wherein the plume
entrainment unit is suitable for channeling liquid from a loca-
tion of heat deposition into a reservoir region.

[0089] According to another aspect of the invention, there
is provided a method of controlling a heating element for a
liquid heating system (optionally as described above),
wherein heating by a heating element is initiated over an
expected duration of completing the heating process before a
required time at which the heating process is to be completed
(or a required time at which liquid is to be available in the
heated state). The method may comprise: determining a heat-
ing time period corresponding to an expected duration of
completing the heating process; determining a required time
at which the heating process is required to be completed (or a
required time at which liquid is to be available in the heated
state); initiating heating by the heating element at a timepoint
which is earlier than the required time by a time period cor-
responding to the heating time period.

[0090] Preferably the method comprises: initiating heating
by the heating element at a timepoint which is earlier than the
required time by a time period greater than the heating time
period, in dependence upon a time at which the costto the user
of supplying energy to the element changes;

[0091] Preferably determining the heating time period cor-
responding to the expected duration of completing the heat-
ing process comprises determining the duty cycle of a heating
element: and determining said expected duration in depen-
dence on said duty cycle.

[0092] According to another aspect of the invention, there
is provided a heating element controller for a liquid heating
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system, wherein the heating element controller is arranged to
modulate (or vary) the timepoint of heating initiation by a
heating element in dependence upon an expected (or esti-
mated, or pre-determined) duration of completing the heating
process and upon a required time at which the heating process
is to be completed (or a required time at which liquid is to be
available in a pre-determined heated state).

[0093] According to another aspect of the invention, there
is provided a heating element controller for a liquid heating
system, wherein the heating element controller comprises
means for modulating (or varying) the timepoint of heating
initiation by a heating element in dependence upon an
expected (or estimated, or pre-determined) duration of com-
pleting the heating process and upon a required time at which
the heating process is to be completed (or a required time at
which liquid is to be available in a pre-determined heated
state).

[0094] According to another aspect of the invention, there
is provided a user interface that allows user input of at least
one of: time at which hot water is required; quantity of hot
water required; information concerning different energy tar-
iffs and relating periods; and vessel volume. The user inter-
face may be used with any of the liquid heating systems
described above.

[0095] According to another aspect of the invention, there
is provided an immersion controller comprising of some form
of current sensor and means of control of the mains connec-
tion to the immersion element so that an embedded algorithm
can determine the warm up time of a vessel’s contents as per
the architecture outlined in FIG. 1.

[0096] Preferably the immersion controller can be readily
fitted to an existing immersion heater and hot water tank. The
immersion controller may use the computed warm up time to
schedule the connection of the immersion element to a power
supply just in time to meet the user’s temperature require-
ments to avoid wasting energy.

[0097] Preferably the immersion controller is supple-
mented by a sensor(s) which measure the temperature of the
surroundings of the vessel in order to improve the accuracy of
the computed warm up time of the vessel’s contents.

[0098] Preferably the immersion controller is able to
inform the user when the immersion element has heated the
contents ofits associated vessel to the desired temperature, by
inspection of the current flowing through the immersion ele-
ment, using some form of user interface. The immersion
controller may be able to inform the user of the amount of
energy which has been consumed by the immersion element,
by inspection of the current flowing through the immersion
element, using some form of user interface.

[0099] According to another aspect of the invention there is
provided a moveable heating element within a vessel whose
position is controlled continuously to optimise the dispatch of
thermal energy to a liquid.

[0100] Preferably a control algorithm determines the opti-
mum position of the moveable heating element according to
a combination of parameters such as temperature, heating
element power dissipation, heating element current profile
and vertical position of moveable heating element assembly.
The moveable heating element may be tethered to a control
assembly which adjusts the tether length via positional con-
trol of a winding drum to which the tether is attached in order
to control the vertical position of the moveable heating ele-
ment. The arrangement may be retrofitted to existing domes-
tic hot water cylinders by designing in such a way as to ensure
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that both the control assembly and the moveable heating
element can fit through a standard immersion element tank
flange. Alternatively or additionally the vertical position of
the moveable heating element may be controlled via the angu-
lar position of a motorised ball screw whose axis is collinear
with the vertical axis of the vessel.

[0101] Preferably the position and dispatch of thermal
energy from the moveable heating element is optimised such
that the user requirement is fulfilled and that minimal running
cost is incurred for a given electricity tariff structure.

[0102] The controller comprises a current sensor and
means of controlling the mains connection to the immersion
element so that an embedded algorithm can determine the
warm up time of a vessel’s contents. This can be achieved by
inspection of the current flowing through the immersion ele-
ment. The controller can infer when tank is hot from moni-
toring the current, and the pattern of switching on/off. The
immersion controller can be readily fitted to an existing
immersion heater and hot water tank. The algorithm uses the
computed warm up time to schedule the connection of the
immersion element to a power supply just in time to meet the
user’s temperature requirements to avoid wasting energy. The
immersion controller can be supplemented by a sensor(s)
which measure the temperature of the surroundings of the
vessel in order to improve the accuracy of the computed warm
up time of the vessel’s contents. The immersion controller can
have the capability of informing the user when the immersion
element has heated the contents of its associated vessel to the
desired temperature, using some form of user interface. The
immersion controller can have the capability of informing the
user of the amount of energy which has been consumed by the
immersion element, by inspection of the current flowing
through the immersion element, using some form of user
interface. As users often err toward overestimation of the
warm up time, the controller can help avoid substantial stand-
ing losses.

[0103] The heating system comprises a moveable heating
element within a vessel whose position is controlled continu-
ously to optimise the dispatch of thermal energy to a liquid. A
control algorithm determines the optimum position of the
moveable heating element according to a combination of
parameters such as temperature, heating element power dis-
sipation, heating element current profile and vertical position
of moveable heating element assembly. In one embodiment,
the moveable heating element is tethered to a control assem-
bly which adjusts the tether length via positional control of a
winding drum to which the tether is attached in order to
control the vertical position of the moveable heating element.
Such an arrangement can be retrofitted to existing domestic
hot water cylinders by designing in such a way as to ensure
that both the control assembly and the moveable heating
element can fit through a standard immersion element tank
flange. In another embodiment, the vertical position of the
moveable heating element is controlled via the angular posi-
tion of a motorised ball screw whose axis is parallel to or
collinear with the vertical axis of the vessel. The position and
dispatch of thermal energy from the moveable heating ele-
ment is optimised such that the user requirement is fulfilled
and that minimal running cost is incurred for a given electric-
ity tariff structure.
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[0104] The system, method, and apparatus for heating may
comprise:

[0105] A controller for scheduling heating according to
time of requirement. The controller may comprise one or
more of the following:

[0106] duty cycle inspection
[0107] current sensing hardware
[0108] indication of completion of heating

[0109] A controller for scheduling heating according to
volume of requirement. The controller may comprise
one or more of the following:

[0110] moveable heating element
[0111] array of heating elements
[0112] array of temperature sensors
[0113] A device for moving heating element
[0114] A plume entrainment unit
[0115] Features that the system, method, and apparatus for
heating may comprise include:

[0116] Hardware arrangement whereby some form of
control of the live feed to an immersion element is
implemented alongside a current sensor with the inten-
tion to inform an algorithm of the warm up time

[0117] The ability to inform user when tank has reached
temperature on the basis of the steady state immersion
current switching profile

[0118] Current sensing ability, in particular sense resis-
tor, transformer, or inference via voltage transient

[0119] Control over the power supplied to the heating
element, in particular by means of relay or insulated gate
bipolar transistor (IGBT)

[0120] Additional temperature sensor, e.g. on controller
board, to infer influence of ambient temperature around
tank

[0121] The ability to infer temperature via the current
flowing through the immersion wire (due to the thermal
coefficient of resistance associated with the heating),
possibly assisted by an instrumentation amplifier, or
with a replacement thermostat with higher temperature
coefficient

[0122] The ability to resolve the warm up time by moni-
toring when thermostat shuts off the current to the
immersion element

[0123] The ability to continuously update any warm up
times associated with user dispatch times

[0124] The ability to learn the hysteresis margin of a
thermostat in order to control more closely to set point
temperature

[0125] The ability to adjust the dispatch of power to an
immersion element in accordance with any off peak
times associated with the user’s tariff

[0126] Means of detection of tariff transition times via
current measurement or voltage terminal voltage mea-
surement (where a separate reduced tariff circuit exists)
or detection of broadcast (e.g. radio) or other tariff tran-
sition signal,

[0127] Dispatch of power to immersion elements
sequentially from the top in order to minimise mixing
during stratification

[0128] Temperature feedback on tank to improve con-
troller’s estimate of warm up time

[0129] Modulation of the time during which the immer-
sion element is on to reflect the hot water volume
requirement for a given volume
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[0130] Use of a “thermocline” factor to determine the
relationship between immersion element run time and
useable hot water volume

[0131] Array of temperature sensors to directly measure
volume of useable hot water

[0132] Sprung loaded vertical array of temperature sen-
sors that can be fitted through standard cylinder lagging

[0133] The ability to monitor temperature local to ele-
ment only; further a “wait time” may be incorporated to
ensure that the tank’s contents have settled sufficiently
to get a measurement that accurately reflects the fully
stratified state of the tank

[0134] User interface that allows domestic hot water to
be demanded at a given instant in time rather than setting
a duration during which an immersion is switched on

[0135] User interface that allows the user to select the
time at which a given volume of useable hot water will
be available

[0136] User interface that allows the tariff data to be
entered to ensure that the algorithm dispatches power
during off peak time

[0137] User interface that allows different tariffs to be
compared to one another through knowledge of existing
demand profile

[0138] User interface that feeds back energy consump-
tion associated with hot water usage

[0139] Wireless Ethernet card in conjunction with
immersion controller to enable communication with
router to facilitate improved PC based interface, remote
control and potential access from utility for purposes of
demand side management

[0140] System for mobile communications (GSM) card
in conjunction with immersion controller to enable com-
munication with a mobile phone network (an interface to
a PC or mobile phone possibly facilitated through a
website), remote control and potential access from util-
ity for purposes of demand side management

[0141] Array of external temperature sensors that can be
fitted through standard tank lagging to allow controller
to measure useable volume directly

[0142] Use of mains link as a communication channel
between controller, temperature sensor (array) unit and
immersion element, for example with a switching
arrangement for the mains link, to enable communica-
tion of temperature and other data without additional
wiring

[0143] Integration of temperature sensor data into a stan-
dard form to allow controller to infer useable volume of
hot water

[0144] Temperature sensor comprising a resistor con-
nected in series between controller and immersion ele-
ment with a known temperature coefficient to allow
temperature at element to be inferred from current
drawn from controller; alternatively standard type of
temperature sensor (for example thermocouple or ther-
mistor) and wired directly to controller or connected via
existing mains cables or other means

[0145] Array of temperature sensors tethered between a
float and the immersion element to allow internal reso-
Iution of vertical tank temperatures to improve estimate
of useable tank volume

[0146] Array of temperature sensors tethered between a
sink and the immersion element (being a top immersion
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element) to allow internal resolution of vertical tank
temperatures to improve estimate of useable tank vol-
ume

[0147] Floating immersion element whose height is con-
trolled in such a way as to dispatch heat at optimum
temperature to minimise mixing due to stratification

[0148] A control strategy whereby the floating element
begins heating from the top of the tank and gradually
moves downward to develop the desired volume of hot
water

[0149] Monitoring of the voltage supply frequency, and
in dependence thereon phasing of appliance operation
(turn on when frequency is high to exploit surplus spin-
ning reserve and off when frequency is low to reduce
burden on grid)

[0150] Ability to turn off the heating element if the
heated state is reached too early or ahead of schedule
[0151] Ability for user to determine a usage schedule
(what time, duration, volume); controller schedules

optimal heating in dependence thereupon

[0152] The controller may be capable of comparing the
duration of the heating-up phase with a reference mea-
surement, and inferring the ambient temperature, and/or
residual heat in the system prior to commencement of
heating. By correlating this information with other fac-
tors, such as use frequency, the controller may be able to
further optimise the heating schedule to comply with the
user’s needs but use no more energy than necessary.

[0153] The controller may be able to infer the thermal
mass of the tank from analysis of the toggling behaviour
during warm-up; in particular, a larger vessel might have
a longer toggling cycle. Information regarding the ther-
mal mass of the tank could be used to prevent overshoot-
ing the setpoint on heating up by adapting the heating,
thus minimising energy waste.

[0154] The controller may be able to estimate the volume
of hot water that is available prior to commencing heat-
ing or at any other point of time. This can be achieved
with a plurality of temperature sensors at different posi-
tions in the tank, whereby a threshold is defined for the
temperature above which the water is sufficiently hot.
The estimation may be based on calculation of the
energy residing in the tank. Information regarding the
volume of hot water that is available can be used to
prevent overshooting the setpoint on heating up by
adapting the heating, thus minimising energy waste. The
information may also be provided to a user, allowing the
user to determine whether or not a particular usage (e.g.
taking a shower) is possible with the hot water available
at that point in time.

[0155] The controller may be able to estimate bacterial
growth by monitoring vessel temperature feedback
given a bacterial growth model. Such information
regarding likely growth of bacteria in the vessel may
allow the controller to provide an indication to the user
regarding the risk of bacterial infection, and/or initiate
heating of the liquid in the vessel.

[0156] An algorithm with sufficient temperature feed-
back could maintain a real time estimate of bacterial
population using such information. If the population
exceeded a given threshold, the algorithm could inform
the user and/or heat the contents of the tank to a tem-
perature and duration over which the growth model pre-
dicted a decline in population back to safe levels. A
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radiation source, preferably ultraviolet light radiation
source, may be installed in the vessel to inhibit the
growth of bacteria. Radiative bacterial inhibition elimi-
nates the need to heat the entire liquid volume to ensure
water quality, thus enabling (repeated) heating of only
small volumes of liquid in the vessel without jeopardis-
ing water quality. This may be particularly relevant for
vessels that are larger than the usual usage requirements.
Heating only the required volume of liquid minimises
energy losses.
[0157] An algorithm or controller determines at least one
of: the duty cycle of a heating element; the rate of decrease (or
increase) in the activity of a heating element; and the duty
cycle behaviour of the heating element relative to the behav-
iour on previous occasions. These may be determined by
sensing the current (or energy) drawn by a heating element
that is under thermostatic control. The controller can use the
information to adapt scheduling of hot water supply. Further,
temperature sensing (e.g. in the environment, in the vessel)
may provide additional information to adapt the scheduling.
[0158] An algorithm or controller controls the height (or
location) in a vessel at which heating occurs. This may be
done with mechanical height adjustment of a heating element.
For a mechanically height-adjustable heating element to be
retrofitted to an existing vessel, it is preferably small enough
to enter through existing portals. A buoyant (or sinking) heat-
ing element attached via a tether to an anchor is potentially
retrofittable in this manner. Alternative installation involving
fitting a suitable portal or flange to the vessel is possible too.
For example a larger opening in the vessel may be cut through
which the heating element can be retrofitted, with a new,
larger flange fit to the new opening.
[0159] An algorithm or controller controls the position of
heating activity to be initially at the top of the vessel and in
due course be at a more downward position. The controller
determines the location of the boundary of the hot water layer
in the upmost region of the vessel. The controller controls the
position of heating activity to be near or below the location of
the boundary of the hot water layer. The controller may use an
array of temperature sensors to determine the temperature at
different locations in the vessel, and/or the location of the
boundary of the hot water layer. Instead of a height-adjustable
heating element, an array of heating elements may be
addressed by the controller to control the height in a vessel at
which heating occurs.
[0160] An algorithm or controller controls the position of
heating in dependence upon information concerning the time
(s) at which the cost to the user of supplying energy for
heating changes. It may be advantageous for given tariff and
requirement schedules to initiate heating earlier than neces-
sary for just-in-time delivery, and the resulting losses may
make it advantageous to heat a different volume than the
required volume. There may be an optimum position of heat-
ing (between the two extremes) that depends on the length of
time between the transition to an on-peak tariff period and the
time at which the user requires hot water.
[0161] A user interface allows the user to input at least one
of: achosen time and a chosen water volume for the controller
to schedule operation of the heating.
[0162] The invention extends to methods and/or apparatus
substantially as herein described with reference to the accom-
panying drawings.
[0163] The invention also provides a computer program
and a computer program product for carrying out any of the
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methods described herein and/or for embodying any of the
apparatus features described herein, and a computer readable
medium having stored thereon a program for carrying out any
of the methods described herein and/or for embodying any of
the apparatus features described herein.

[0164] The invention also provides a signal embodying a
computer program for carrying out any of the methods
described herein and/or for embodying any of the apparatus
features described herein, a method of transmitting such a
signal, and a computer product having an operating system
which supports a computer program for carrying out any of
the methods described herein and/or for embodying any of the
apparatus features described herein.

[0165] Any apparatus feature as described herein may also
be provided as a method feature, and vice versa. As used
herein, means plus function features may be expressed alter-
natively in terms of their corresponding structure, such as a
suitably programmed processor and associated memory.
[0166] Any feature in one aspect of the invention may be
applied to other aspects of the invention, in any appropriate
combination. In particular, method aspects may be applied to
apparatus aspects, and vice versa. Furthermore, any, some
and/or all features in one aspect can be applied to any, some
and/or all features in any other aspect, in any appropriate
combination.

[0167] It should also be appreciated that particular combi-
nations of the various features described and defined in any
aspects of the invention can be implemented and/or supplied
and/or used independently.

[0168] Furthermore, features implemented in hardware
may generally be implemented in software, and vice versa.
Any reference to software and hardware features herein
should be construed accordingly.

[0169] These and otheraspects of the present invention will
become apparent from the following exemplary embodi-
ments that are described with reference to the following fig-
ures in which:

[0170] FIG. 1 shows the elements of the heating system;
[0171] FIG. 2 shows an immersion control system that can
be retrofitted to an existing heating system;

[0172] FIG. 3 shows a typical time chart for heating of a
domestic hot water tank;

[0173] FIG. 4 shows an example of a system diagram;
[0174] FIG. 5 shows the relationship between immersion
element wire resistance and temperature;

[0175] FIG. 6 shows the top level of the state machine
associated with the cold-to-steady-state-warm-up-only algo-
rithm;

[0176] FIG. 7 shows the state machine associated with the
evaluate-warm-up-time algorithm;

[0177] FIG. 8 shows the parallel state machines associated
with the user interface and element control;

[0178] FIG.9 shows the state machine associated with the
element being switched on

[0179] FIG. 10 shows controller minimisation of the tem-
perature variation associated with thermostat hysteresis;
[0180] FIG. 11 shows the immersion controller monitoring
mains feeds to determine tariff transition times;

[0181] FIG. 12 shows the immersion controller incorporat-
ing antenna and receiver to interpret broadcast of tariff tran-
sition times;

[0182] FIG. 13 shows aconventional hot water cylinder and
temperatures at different positions;
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[0183] FIG. 14 shows sequential powering of two immer-
sion elements;

[0184] FIG. 15 shows an array of numerous immersion
elements;

[0185] FIG. 16 shows how the position of heat injection
affects the temperature distribution in the vessel;

[0186] FIG. 17 shows an array of temperature sensors used
to resolve the volume of hot water that there is in a tank;
[0187] FIG. 18 shows the user interface for user input ofhot
water requirements;

[0188] FIG. 19 shows the user interface for user input of
tariff configuration;

[0189] FIG. 20 shows the user interface for user input of
tariff-dependent use preferences;

[0190] FIG. 21 shows a wireless enabled user interface;
[0191] FIG. 22 shows a GSM based user interface;

[0192] FIG. 23 shows a vertical temperature sensor array
fitted to a tank;

[0193] FIG. 24 shows an array of tank temperature sensors

interfaced with the immersion controller;

[0194] FIG. 25 shows an example of retaining bands used
for retrofit bimetallic tank sensors;

[0195] FIG. 26 shows use of an existing mains link between
controller and tank as a communications bus between the
temperature array and controller;

[0196] FIG. 27 shows the layout of a system exploiting the
existing mains link for communication;

[0197] FIG. 28 shows temperature measurements per-
formed on a tank at different positions;

[0198] FIG. 29 shows a typical immersion element with
thermostat probe and a separate bimetallic thermostat;
[0199] FIG. 30 shows a replacement thermostat that pro-
vides temperature feedback to the controller by means of a
temperature coefficient of resistor;

[0200] FIG. 31 shows a replacement thermostat with an
integrated temperature sensor;

[0201] FIG. 32 shows a moveable heating element arrange-
ment;
[0202] FIG. 33 shows a floatable heating element arrange-
ment;
[0203] FIGS. 34 and 35 show a control assembly for the

floatable heating element arrangement;

[0204] FIG. 36 shows a plume entrainment membrane
mounted in a tank;

[0205] FIG. 37 shows a function fitted through temperature
measurements plotted against sensor coordinates;

[0206] FIG. 38 shows water density as a function of tem-
perature;
[0207] FIG. 39 shows the decimal reduction in time against

temperature of a Legionella population;

[0208] FIG. 40 shows the temperature response of a heater;
[0209] FIG. 41 shows a simplified model of hot water tank
immediately after being brought to temperature;

[0210] FIG. 42 shows the reduction of heat transfer on a
copper plate heat exchanger against scale thickness;

[0211] FIG. 43 shows exemplary relative electricity con-
sumption as a function of scale thickness;

[0212] FIG. 44 shows solubility of calcium ions in water at
different temperatures and pH values;

[0213] FIG. 45 shows the mechanism driving scale prod-
ucts on to heat transfer surfaces;

[0214] FIG. 46 shows a numerical thermal model;

[0215] FIG. 47 shows some examples of standard domestic
hot water duty cycles;



US 2014/0321839 Al

[0216] FIG. 48 shows control algorithm with various inputs
and model elements;

[0217] FIG. 49 shows the results for a simulation;

[0218] FIG. 50 shows a flow chart for selecting a control
strategy;

[0219] FIG. 51 shows a hardware arrangement with no
feedback;

[0220] FIG. 52 shows a hardware arrangement with energy

consumption measurement;

[0221] FIG. 53 shows a hardware arrangement with a ret-
rofit thermostat with integrated temperature measurement;
[0222] FIG. 54 shows a hardware arrangement with an
external vertical sensor array;

[0223] FIG. 55 shows a hardware arrangement with an
internal array of temperature sensors suspended beneath a
thermal source;

[0224] FIG. 56 shows a hardware arrangement with an
internal array of temperature sensors throughout a tank;
[0225] FIG. 57 shows a hardware arrangement with inlet/
outlet flow/temperature measurement; and

[0226] FIG. 58 shows a heating element controller with
fouling computation.

DETAILED DESCRIPTION OF THE INVENTION

[0227] In reference to FIG. 1, a controller 100 monitors
heating 122 of a heating element 106, for example by mea-
suring the current flowing through an immersion element.
This allows the controller 100 to detect when a vessel 104,
typically containing hot water, has reached the desired tem-
perature. An algorithm embedded within the immersion con-
troller learns the time required for the vessel to reach the
desired temperature, for example by inspection of the current
waveform. The user of the controller programs, via a user
interface 102, the required times 110 at which the vessel’s
contents are to be at some desired temperature. The user may
input further variables, including volume 112 of water desired
and information regarding energy tariffs 114. An algorithm
embedded in the controller 100 calculates scheduling of the
immersion element. This allows the controller 100 to control
118 heating, in particular initiating and terminating heating,
for example by control of the power supply to the heating
element 106. Monitoring the heating 122 further allows the
controller 100 to indicate to the user, via the user interface
102, when the desired hot water is available 116. The con-
troller can be readily fitted into an existing immersion heater
system and offer significant energy savings.

[0228] The controller 100 further may control the position
120 at which heat is injected into the vessel 104. By delivering
thermal energy at the correct height within the tank at all
times the volume of heated water is adjusted to a user’s
volume 112 requirements. Instead of heating the tank from
the bottom, thermal energy can initially be injected wherever
is optimal depending on a variety of factors (such as tariff
structure, volume required and proximity to user demand
time). Typically heating begins at the top of the tank. This
minimises the distance that water travels due to stratification.
As the upper portion of the tank attains a useful temperature,
the injection point of thermal energy is lowered so that a
larger volume of hot water is gradually developed. This pro-
cess avoids needlessly heating the entire tank since a precise
volume of high temperature water is developed with minimal
diffusion of thermal energy through stratification. Further, the
time required to deliver a small required volume of water is
greatly reduced since the elapsed time becomes a function
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purely of the power rating of the system rather than the
thermal inertia of the entire content of the tank.

[0229] Inthe following application to electric domestic hot
water systems is discussed, as an exemplary application
involving the heating of a liquid.

[0230] The heating element may for example be an immer-
sion element. For brevity, the term ‘immersion controller’ is
used in reference to an immersion (or other) heating element
controller.

[0231] 1. Immersion Controller

[0232] This invention takes the decision regarding the dura-
tion of time over which the immersion heater element is
switched on out of the user’s hands by inferring how long the
contents of a vessel takes to reach a desired temperature
through measurement of the current waveform feeding the
immersion element. FIG. 2 illustrates the scheme. The con-
troller 100 receives data from a sensor 200 monitoring the
current that is supplied to the immersion heating element 106.
The controller 100 can open and close the connection 202 of
the immersion heater 106 to the mains supply 204. The con-
troller interacts with a user interface 102. The controller 100,
user interface 102, sensor 200, and connection 102 can be
fitted to vessel with an existing heating system that has a
power supply 204, immersion heater 106 (with thermostat
128) and a power return 206. Suitable sensors 200 include a
sense resistor and a transformer. Suitable connections 202
include a relay, a field effect transistor, and a thyristor.
[0233] The user decides when the vessel’s contents are to
be at a desired temperature by programming the device
through the user interface. On first use, the controller pro-
cesses an algorithm that learns how long the immersion ele-
ment takes to heat the vessel’s contents to the desired tem-
perature by connecting the immersion element to the mains
and monitoring the current.

[0234] Connection of an immersion element to a domestic
hot water tank, for example, typically leads to a system
response resembling the data presented in FIG. 3. This time
chart shows an overlay of vessel temperature 300, cumulative
energy consumed 302, and the current 304 to the immersion
element. The vessel temperature 300 is initially at ambient
temperature 305, but gradually increases to the (preset)
immersion thermostat temperature 306 and then is main-
tained around this level. The immersion element current 304
is switched on at the beginning of the heating; local heating in
the tank around the thermostat can cause the current to switch
off at a time 308 before the thermostat temperature 306 is
attained.

[0235] At the end of the warm-up time 310, the current
going through the immersion element begins to toggle on and
off due to the thermostatic controller on board the immersion
element turning on and off when the temperature surrounding
the thermostatic device oscillates around the preset value and
associated hysteresis margin. By examining the profile of the
immersion element current waveform, the algorithm learns
when the vessel reaches the desired temperature along with
how long the warm up time is. Using this information, the
algorithm can forecast when the immersion ought to be
turned on in future to satisfy the timing of the user’s demand.
[0236] Examination of the immersion element current
waveform can for example be by calculating an off-to-on time
ratio, and comparing it to a threshold. Once the thermostat
starts to turn the element off more frequently, the vessel is at
or near to the setpoint temperature. This is reflected in the
ratio, which can be compared to a threshold value. The exact
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threshold ratio depends considerably on the vessel volume,
dimensions, thermostat model, and other factors. The immer-
sion element current waveform can be monitored to deter-
mine a standard warm-up time that is used for further opera-
tion. If the current wave-form is continuously monitored, the
warm-up time can be determined for under a variety of opera-
tional conditions, allowing possible inference regarding fac-
tors including ambient temperature, residual heat in the ves-
sel, premature drawing of water. Further, continuous
monitoring can provide data about usage to the controller.
These factors allow the controller to account for a wider
variety of factors relating to the user’s hot water demands and
better anticipate the requirements on the immersion element.
[0237] In FIG. 3 the vessel is maintained at the thermostat
temperature after the warm-up is completed. If the warm-up
time is overestimated by the user, the warm-up is completed
310 before the intended time 312. The overestimation 314 of
the warm-up time causes waste of a quantity of energy 316,
which can be saved by using the immersion controller.
[0238] The algorithm refines its estimate of the warm up
time over time to reflect any changes in residual heat in the
system or ambient conditions. For example, the algorithm can
correlate the current waveform time period with the amount
ofresidual heat in the system to further shorten the duration of
time over which the element is unnecessarily turned on. This
forecasting is further aided by the presence of an optional
temperature sensor 126 to correct for variation of the tem-
perature of the vessel’s and/or its immediate surroundings.
[0239] The algorithm would be able to signal to the user
when the tank has reached the desired temperature along with
the amount of energy consumed by the immersion element.
The algorithm further has the ability to signal to the user the
quantity of hot water that is in the tank. For example, the
algorithm can determine the quantity of hot water based on
the thermocline position. The toggling duty cycle may also be
correlated to the quantity of hot water—earlier in the heating
process, a lower quantity of water is available, and the heating
element is more likely to be switched predominantly on.

[0240] 1.1 Hardware
[0241] 1.11 Hardware Implementation Examples
[0242] FIG. 4 shows an example of a system diagram. A

microcontroller 400 runs an embedded algorithm which
interprets:

[0243] a user schedule input from a 6 button interface
402 (via a switch on port)

[0244] an analogue signal from a Hall effect current sen-
sor 404 (analogue signal 0-5)

[0245] a time reference from a real time clock IC 406
based around a 32.768 kHz oscillator crystal (via a 12C
communication interface).

[0246] A LCD display 412 (supplied in 4 bit nibble format
from the microcontroller 400) assists user input. The micro-
controller 400 has control of a relay 408 which controls the
live side 410 of the supply to the immersion heater element.
There are many different hardware arrangements that can
deliver a satisfactory user interface and time reference (i.e.
capacitive touch switches or internal real time clock (RTC) on
board microcontroller).

[0247] 1.12 Other potential means of detecting current
[0248] A hall effect IC 404 may not be the most cost effec-
tive means of getting a binary indication of current. There are
anumber of alternative means of sensing current, for example
a feedback resistor, a transformer, or inference via voltage
transient. There are described in more detail.
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[0249] Feedback Resistor

[0250] The Hall effect sensor can be replaced with a resistor
with a differential voltage measurement being made across it
to determine the current that is going through it. This may be
a cheaper alternative to the Hall effect IC.

[0251] The design would have to trade off resolution
against resistor power dissipation. A 3 kW immersion ele-
ment will draw approximately 13 Amps of current. The power
dissipated is given by:

P=PR, (Eqn. 1: Power dissipation in sense resistor)

where P is the power in Watts, [ is the current in Amperes and
R, is the sense resistance in Ohms. A typical low cost micro-
controller unit (MCU) has an integrated 8 to 12 bit ADC as
one of its peripheral circuits. Assuming we have 8 bit resolu-
tion across a 5 volt supply, we can assume that a voltage drop
of atleast 20 mV would be desirable. If we assume 50 mV to
allow additional signal to noise margin, this implies a resis-
tance value of 0.2 mOhms. This would lead to 33 mW of
power loss. This is a commercially available size of resistor
however 0.75 mOhms is more widely available, cheaper and
the resulting 130 mW of power dissipation would be com-
fortably within the 1 W rating that is typical of a type 2512
package. Isolation between the low and high voltage supplies
is necessary. Some MCUs accommodate a separate analogue
ground which could be tied directly to mains.
[0252] Transformer
[0253] A transformer essentially comprises of two coils
with a common core made of a magnetic material. The turns
ratio between the primary and secondary windings deter-
mines the relationship between input and output voltages. A
secondary voltage will only be present if there is a current
flowing through the primary winding to establish a changing
flux linking the two coils. If one end of the transformer’s
primary winding is connected to the mains feed with the other
connected to the immersion, any current drawn from the
immersion will result in a voltage appearing across the ter-
minals to the secondary winding. The advantage with this
approach is that it provides both galvanic isolation and scal-
ing of the voltage to be achieved in one step. The disadvantage
is that transformers are relatively expensive.
[0254] Inference Via Voltage Transient
[0255] When the immersion thermostat closes, the inrush
of current to the element will cause a transient drop in mains
voltage. This could be measured and used to establish that the
element has toggled on. Similarly a transient rise in voltage
would indicate the opening of the thermostat. Voltage mea-
surement could be a useful feature to have since it would
allow the frequency of the mains supply to be monitored at all
times, it is possible that in future there will be a desire for
demand side management techniques whereby appliances
phase their operation according to the frequency of the mains
supply (i.e. turn on when frequency is high to exploit surplus
spinning reserve and oftf when frequency is low to reduce
burden on grid).
[0256] 1.13 Potential Means of Controlling Supply
[0257] In addition to using a relay, there are a variety of
solid state alternatives to controlling the supply, these
include:

[0258] Some form of field effect transistor (FET) such as

an insulated gate bipolar transistor (IGBT)

[0259] Some form of bipolar transistor
The advantage with using solid state devices in this applica-
tion is that they are cheap and reliable compared with relays.
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However, most semiconductor switching devices have a turn
on resistance meaning that power would be dissipated across
the device whereas a relay has minimal on resistance once
closed and so long as suitable snubbing circuitry is included,
can be a reliable switching device.

[0260] 1.14 Addition of Temperature Sensor to Controller
Board
[0261] A sensor on the controller board could be used to

infer ambient temperature. This would allow adjustments to
be made to the predicted warm up time used to schedule the
switching on of the immersion element. The controller would
have to be in the same environment as the tank; if it were in
another room, there would be no way of inferring the tank’s
ambient temperature.
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would however require installation of a new immersion ele-
ment and would also result in more variability of dispatched

power.
[0268] 1.2 Algorithmic Implementation
[0269] There are numerous control strategies that could be

implemented; this section describes 5 variants or features that
could be incorporated into one single algorithm. The algo-
rithms are described in terms of a state machine and the
following table provides some of the (arbitrary) naming con-
ventions that have been used throughout this section. Initially
this section will describe the state machine associated with
the most simple implementation—all subsequent algorithms
can be more or less viewed as extensions of this state
machine.

TABLE 1

A selection of terms/variables and flag names that are used to describe a finite state
machine implementation of various algorithms described throughout this section.

Term (T), Variable or

Register of Variables (V),

Flag (F)

Definition

Learn Setting (F)

Water Dispatch (T)

Water Dispatch(n) (V)

UserMark(n) (V)

User Input Trig (F)

OverrideOn (F)

OverrideOff (F)

The name of a flag that is set when the controller is required to learn
a warm up time period prior to any time that hot water is demanded
of the system.

The moment that the user of a hot water system intends on drawing
hot water from the tank.

A register of times that have been selected by the user over some
schedule period, this is set to equal the UserMark(n) values selected
via the controller interface.

A varjable in time which has been set by the user and which marks
the instant at which hot water will be required from a hot water
system.

A flag to indicate that the user has interacted in some way with the
controller interface, used to allow the software to transition to a state
in which it is able to update the water dispatch register with any
changes in desired water dispatch times.

A flag set by the user to force the hot water tank to warm up at any
time outside of the schedule that has been pre-programmed.

A flag set by the user to cancel the dispatch of hot water that would
otherwise occur.

[0262] 1.15 Inference of Temperature Via Magnitude of
Current Through Resistive Wire

[0263] If a continuous current sensor is used (i.e. Hall
effect, feedback resistor or transformer), and assuming its
resolution is sufficient, an instrumentation amplifier could be
added to its output to allow a microcontroller to resolve the
temperature of the water surrounding the immersion element
via the change in current due to the thermal coefficient of
resistance associated with alloy heating wire.

[0264] FIG. 5 shows the relationship between immersion
element wire resistance and temperature. An immersion
element’s resistance can vary around 5 percent as it
approaches its operating temperature. The algorithm learns to
correlate the magnitude of the current to the time to reach
steady state. The following are considered:

[0265]

[0266] 2. The extent to which changes in current could be
correlated to residual thermal energy in the tank.

[0267] Use of a resistive wire which has a greater tempera-
ture dependence can assist regarding points 1 and 2. This

1. Measuring small deltas in current.

[0270] 1.21 Cold to Steady State Warm-up Only (CSSWO)
Algorithm
[0271] This is the most simple algorithm, all it requires is

binary feedback of current (i.e. is the immersion element on
or off) and so would therefore work with any of the current
detection methods discussed in section 1.12. This algorithm
can be summarised by the state machine detailed by FIG. 6
through to FIG. 9.

[0272] FIG. 6 shows the top level of the state machine
associated with the CSSWO algorithm. Initially 600, the
algorithm either enters the: “Evaluate_Warm_Up_Time_
From_Cold” (EWTC) 602 or the “Normal_Running” state
604. This depends on the “Learn_Setting” flag. The Learn_
Setting flag could be set by default so that it is automatically
entered into on first use. Alternatively the controller interface
could allow the user to set the Learn_Setting flag so that it
could be updated periodically to reflect changes in ambient
conditions. The controller is turned on and the learn setting is
selected, causing the EWTC state to be entered. The user is
required to ensure that the contents of the tank are cold (i.e. by
cycling the tank contents by running the hot tap until it runs
cold) for proper operation of EWTC state.
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[0273] The EWTC state 602 is described by FIG. 7. The
controller immediately enters the “dispatch_power” state 702
where the relay is closed (Relay=1) and the register, Timereg
1 is updated with the current time provided by the real time
clock (RTC). The dispatch power state is maintained until the
current going through the immersion element drops beneath a
threshold value (some percentage of the initial instantaneous
current at the beginning). This indicates that the thermostat
local to the immersion element has shut off the supply to the
heater wire. When the current drops beneath the threshold, the
“Evaluate_Switch_Duty” state 704 is entered. In this state the
period duty cycle of any subsequent switching events are
analysed to determine whether the system has attained steady
state operation or not (Steady_State_Reached=1). The sys-
tem reaching steady state operation marks the transition to the
Record_Warm_Up_Time state 706 where the register Tim-
ereg? is updated with the current time. The algorithm then
subtracts Timereg 1 from Timereg 2 to provide the “Warm_
Up_Time”. On doing this the “Learn_finished” flag is set
allowing the EWTC state to be exited.

[0274] Inanalternative algorithm, the controller could start
operation with an estimated present value for the warm-up
time, and learn on the fly what the actual warm-up time value
is, and replace the preset. This functionality would usefully be
supplemented by a function that can turn the heating element
offifthe setpoint temperature is attained before schedule, and
then resume heating in time for the intended schedule to be
followed.

[0275] Withreferenceto FIG. 6, the normal operation mode
is entered into once the Learn_finished flag is set and the
Learn_Setting flag is cleared. The normal running part of the
algorithm comprises of two state machines running in paral-
lel. This is shown in FIG. 8.

[0276] In FIG. 8 the left hand state machine monitors the
user interface. The user interface comprises of a visual time-
line on which markers can be set to indicate when hot water
should be available. Any marker (UserMarkl to UserMark
(n)) that the user puts down on this timeline is recorded in the
dispatch register as single time entry per marker from Water-
Dispatchl to WaterDispatch(n).

[0277] InFIG. 8 the right hand state machine arranges the
moment that the immersion heater is turned on. The times at
which the immersion should be turned on are determined by
subtracting the warm up time from the user’s desired hot
water dispatch time. These times are stored in the schedule
register. The transition to the Element ON state 900 occurs
once the current time is greater than or equal to any of the
immersion dispatch time but less than or equal to the water
dispatch times. The transition to the off state occurs when the
expression associated with the transition to the on state is not
true. An override command can allow the user to force a
transition to either the off or on states.

[0278] FIG.9 shows the state machine associated with the
heating element being switched on. When the Element ON
state 900 is transitioned to, the relay control line is set to 1
causing current to flow through the immersion element. Once
the current drops beneath a threshold the switching duty is
evaluated (exact frequency and duty cycle associated with
steady state are determined in advance). On detection of
steady state operation, the Signal_To_User state 902 is
reached. In this state the relay is opened to shut off the
immersion element and the Hot_Tank_Flag is raised to allow
the user interface to signal that the contents of the tank have
attained the operating temperature.
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[0279] 1.22 Warm-up Learn Algorithm (WLA)

[0280] The WLA algorithm is similar to the CSSWO
approach with the exception that learning is continuous and
individual warm up times are computed and assigned to each
associated water dispatch time that the user programs. This
deals with the situation where the user regularly leaves
residual hot water which reduces the subsequent time
required to heat the tank. By continually adjusting the warm
up times, this algorithm automatically controls for any sea-
sonal changes in ambient conditions that may result in differ-
ences in heat transfer from the tank and consequently warm
up times.

[0281]

1. Allow the user to program the water dispatch schedule over
some defined time period (for example a week).

This approach could be implemented as follows:

2. For the first week operate in a conservative manner by
assuming that there is no residual heat in the tank prior to any
particular water dispatch time.

[0282] Should the user’s behaviour change, (i.e. there is a
sudden change in actual warm up time compared with warm
up time measured for a prior water dispatch time), two things
can happen:

1. The immersion element is turned on prematurely due to
additional residual thermal energy that was not there previ-
ously. This could lead to higher steady state losses.

2. The immersion element is turned on too late owing to the
fact that the tank is depleted in residual thermal energy. This
would result in a delay in the actual water dispatch time
compared with what was set by the user.

[0283] Both ofthe above scenarios are dealt with by the fact
that the controller can detect when steady state operation has
been attained. In scenario 1, the controller interface would
alert the user that the tank is ready to dispatch hot water but
would maintain the tank temperature until the programmed
dispatch time. This would give the user the opportunity to
draw hot water earlier than intended to minimise steady state
lossesif desired. In scenario 2, the user would be alerted to the
fact that the tank was not hot by the controller interface and so
would therefore allow more time for the tank’s contents to
warm up.

[0284]

[0285] Ifitis required that the water be kept at steady state
(set point) temperature 1000 for a prolonged period, the con-
troller could minimise tank temperature variation that occurs
due to the hysteresis margin associated with the bimetallic
thermostat integrated in the immersion element. FIG. 10 (top)
illustrates the response that would be expected from a stan-
dard thermostat. FIG. 10 (bottom) illustrates a potential
scheme whereby the controller initially allows the immersion
thermostat to dictate the temperature during warm up. After
warm up is completed, instead of the thermostat regulating
when the immersion element turns on and off, the controller
turns the immersion element on and off with the aim of
injecting power at shorter and more frequent intervals so that
the set point temperature is more closely attained. This is
possible as the controller can monitor the temperature gradi-
ent against immersion power or elapsed time after the immer-
sion has been shut off. The set point temperature could be
maintained through a process of “dead reckoning” whereby
the algorithm would compute the change in temperature for a
given period of immersion on or off time. Once in a while, the
controller would allow the temperature to rise until the

1.23 Hysteresis Minimisation
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immersion thermostat trips allowing the steady state switch-
ing duty to be periodically calibrated against the immersion
thermostat.

[0286] 1.24 Tariff Informed Algorithm (TIA)

[0287] The Tariff Informed Algorithm (TIA) aims to dis-
patch power to the immersion element during times when the
tariff is at its lowest (off peak). For example in the UK a
reduced tariff operates in certain periods, such as during
off-peak usage times or at night. Typically other countries
have similar low tariffs at certain times to encourage off-peak
usage. If the user desires a full tank of hot water in the
morning from a reduced tariff which happens to set the off
peak rate between the hours of 12 midnight and 6 in the
morning, the controller will begin dispatching power at 6 am
minus the warm up time that has been computed. This warm
up time could be continuously updated as described in section
1.22 or determined at any instant as described in section 1.26.
[0288] One implementation of this could be at the control-
ler interface level where the user is prompted to enter the tariff
time and rate markers (i.e. times associated with commence-
ment of off peak and transition to on peak) along with the off
and on peak costs per kWh. There may be provision at this
level for multiple rates and oft peak tariff time zones depend-
ing on the user’s contract with the utility, for example some
UK contracts have one off peak rate during the night and
another in the afternoon that operates over several hours. This
scheme is often referred to as “flexi-heat” as it provides a
boost to storage heaters for people who work during the day.
[0289] FIGS. 11 and 12 illustrate one issue with attempting
to turn the element on at the cheapest time. The network
operator for a given jurisdiction may have flexibility over
precisely when the off-peak tariff is applied. In the UK, many
domestic systems have, beside an ordinary permanently live
circuit 1102, a separate circuit 1104 that is live at off-peak
times only. The oft-peak circuit 1104 feeds consumer units
1106 which are dedicated to appliances that run on an off-
peak or otherwise reduced tariff. A radio controlled switch
1100 is operated by the utility to make this circuit live during
off peak time.

[0290] Often the precise time of switching between the off
peak circuit and the (more expensive) ordinary permanent
circuit is not predictable (e.g. the network operator may cas-
cade the switching of reduced tariff circuits to prevent sudden
in-rush currents from multiple heating systems compromis-
ing the stability of the network). If there is a difference
between the time reference embedded in the controller and
the time reference used by the network operator for the pur-
poses of off peak dispatch, there is the risk that the hot water
system may attempt to draw power during the on peak tariffin
which case either two scenarios will unfold:

[0291] 1. The controller will attempt to power the immer-
sion element from a dead supply and so the tank will not
attain correct operating temperature; this would incon-
venience the user and potentially waste all the energy
that had been consumed prior to the transition to on-
peak.

[0292] 2.Ifthe immersion element is not running from a
separate supply, any power that is dispatched to it will
cost more than what would otherwise have been charged
(up to 3 times more in the UK).

Two solutions to the above are:

[0293] 1. Monitor the voltage 1108 on the incoming sup-
ply to detect whether and when it is switched at the

Oct. 30, 2014

household meter (FIG. 11) enabling the controller 100 to
learn the tariff transition times.

[0294] 2. Implement a receiver 1200 and antenna 1202,
capable of decoding the signal broadcasted to electricity
meters. This allows the controller 100 to monitor the
tariff transition times (FIG. 12).

[0295] 1.25 Dispatch to Multiple Element Algorithm
(DTEA)
[0296] Where there are multiple elements, (i.e. systems

with a primary element at the bottom to heat the entire con-
tents of the tank and a secondary (boost) element at the top of
the tank to heat the upper portion only for applications like
washing the dishes or taking a quick shower), the dispatch of
power could be assigned in such a manner as to dispatch
energy with maximum exergetic and volumetric efficiency.
[0297] Current systems typically charge the entire contents
of a tank through powering the bottom element alone or
charge the upper portion only by powering the top element to
provide additional hot water towards the end of the day for
dishes or a shower. When heat is dispatched from the bottom
immersion element, the thermal energy is diffused due to
mixing as it convects toward the top of the tank. This diffusion
of energy results in a lower mean tank temperature. This is
illustrated by FIG. 13 where schematic temperatures at dif-
ferent positions in a conventional hot water cylinder are
shown. The left hand part of the figure shows a standard
vented combination hot water tank with a fixed immersion
element; tank elements include a header tank 1300, an immer-
sion element 1302 (with a heating element and a thermostat),
an outlet 1304, a breather 1306, a head tank 1308, a cold main
1312, aball valve 1310, and a tank inlet 1314. Thermal energy
stratifies to the warm portion of the tank losing heat to the
lower portion of the tank in the process. The right hand part of
FIG. 13 shows the temperatures over time at three different
positions in the tank: next to the immersion element (1), inthe
middle of the tank (2), and near the top of the tank (3). For
injection of a given power quota over a given time period,
there is a large resulting difference in temperature at the
bottom, middle and top of the tank.

[0298] FIG. 14 illustrates a potential scheme for a tank with
twin immersion elements 1400. Whenever power is delivered
to the immersion elements, it is delivered first at the top
(boost) element (FIG. 14, left). This allows the heat to convect
and stratify over a relatively short distance minimising mix-
ing and consequent reduction in mean temperature. Once the
top portion of the tank has attained operating temperature, the
top element is unable to effectively heat the rest of the tank
since the mode of heat transfer to the remaining volume of
cold water is now via conduction (convection impossible
since remaining cold water is below element). Conduction is
a much slower mode of heat transfer under these circum-
stances and so the temperature of the water immediately
surrounding the top element quickly rises causing the local
thermostat to shut off the power. Essentially the top element
can be considered to be operating in a sort of steady state once
this point has been reached. This steady state operation can be
inferred via any of the methods described in section 1.2. Once
steady state for the top portion of the tank has been detected,
the top element is disconnected and power is delivered to the
bottom element (FIG. 14, right). This approach could be
generalised for any number of immersion elements, as shown
in FIG. 15, whereby the firing order of heating elements
would begin the topmost element and move sequentially
downwards until the bottom element.
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[0299] FIG. 16 shows how the position of heat injection
affects the temperature distribution in the vessel. The dashed
curve 1608 indicates a system where the heat is injected at the
bottom of the vessel (indicted by an arrow). Near the heating
element the temperature is high, then decreases, and at the top
a hot layer develops. The thin curve 1606 indicates a system
where the heat is injected at the top of the vessel (indicted by
an arrow). Heat from the top only gradually is conducted
downward. The bold curve 1602 indicates a system where the
heat is injected at the interface between the upper hot zone
and the lower cold zone (indicted by an arrow) Unlike the
other heat injection curves, there is a volume of water already
available at the desired set temperature 1600.

[0300] Other strategies of heat injection are possible, for
example in dependence upon tariff information. There may be
an optimum position of heating (between the two extremes of
heating at the top and heating at the bottom) that depends on
the length of time between the transition to an on-peak tariff
period and the time at which the user requires hot water.

[0301] For example, if the entire vessel volume is to be
heated during a reduced-tariff period to take advantage of
reduced heating costs, heating from the bottom (without the
need for changing the position of the heating) may be more
efficient. Heating from the bottom causes the temperature at
the top of the vessel to increase more slowly than in the case
of'heating from the top of the vessel downward. Ifheat losses
are highest at the top of the vessel (the heat transfer coefficient
being greatest there), due for example to the presence of an
outlet, then heat losses can be reduced by heating from the
bottom. On the other hand, for just-in-time delivery of a small
volume of hot water during a high-tariff period it may be
preferable to inject power from the top first, to avoid heating
a greater volume than required.

[0302] It may be advantageous for given tariff and require-
ment schedules to initiate heating earlier than necessary for
just-in-time delivery, and the resulting losses may make it
advantageous to heat a different volume than the required
volume. For example, suppose the user has a lower tariff rate
for electricity consumed between 7 am and noon, and a higher
tariff rate for all other times. If there is a requirement to wash
dishes at 11 am, the algorithm determines whether it is either
cheaper to dispatch power so that the correct temperature and
volume is available at 11 am to minimise standing losses (just
in time), or whether it is better to pre-heat a larger volume of
hot water before 7 am using the lower tariff. The aforemen-
tioned larger volume of hot water compensates for expected
reductions in temperature due to standing losses in the period
until 11 am.

[0303] Theuser may wish to use water ataround 45° C. The
temperature of water dispatched from the tank can be any-
thing above 50° C. to meet this requirement (and inhibit
bacterial growth) since the user determines the final tempera-
ture with the cold tap (or the temperature is set for the user by
a mixer tap with integrated thermostat).

[0304] In general, a variety of heat injection strategies
depending on a variety of factors (such as tariff structure,
volume required and proximity to user demand time) may be
implemented with the system.

[0305] 1.26 Temp Feedback Informed Algorithm (TFIA)

[0306] The temperature feedback informed algorithm
makes an estimate of the warm up time, ahead of the moment
power is to be dispatched to the immersion element. This is
based on the temperature of the water in the tank at that
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instant. This system would respond to changes in activity that
lead to differing amounts of residual hot water in the system.

[0307] Temperature feedback further enables the algorithm
to monitor the likely growth in bacteria and ensure that the
tank contents is thermally cycled in such a manner as to
prevent the number of colony forming units from exceeding
regulatory thresholds (for example 10,000/ml for Legionella
bacteria). A growth model within the algorithm can track the
worst case bacterial population over time on the basis of
temperature. With Legionella bacteria, for example, tempera-
tures between 20° C. and 45° C. promote positive growth in
the population with growth rates peaking at 37° C. whilst
temperatures beyond 49° C. cause the population to decline
linearly. Plots are publicly available that relate the tempera-
ture to the population decline rate, for example by plotting the
decimal reduction time (time to kill 90% or a population)
against the temperature.

[0308] An algorithm with sufficient temperature feedback
can maintain a real time estimate of bacterial population
using such information. If the population exceeded a given
threshold, the algorithm can inform the user and/or heat the
contents of the tank to a temperature and duration over which
the growth model predicts a decline in population back to safe
levels.

[0309] Bacterial monitoring is described in more detail
below.

[0310] 1.27 Variability of Dispatched Volume

[0311] Depending on the gradient of the tank’s thermocline

developed during stratification, there could be an ability to
control the volume of hot water dispatched by varying the
time period over which power is delivered to the immersion
element(s). The user interface could allow users to schedule
the type of activity they wish to engage at a given time so that
the appropriate volume of hot water can be developed.
Broadly speaking this would require the following:

[0312] 1. Thetank dimensions or type to be programmed
into the controller or inferred by the controller via warm
up time.

[0313] 2. A lookup table which correlates the variables:
dispatched power, elapsed element on time and any tem-
perature measurements available to determine the
resulting useful volume of hot water at any given instant.
This table can be developed via empirical and computa-
tional fluid dynamic (CFD) analysis of various tanks to
determine thermocline gradient and stratification num-
ber as a function of tank height and diameter (or type).
Alternatively, the controller could be adapted to learn the
correlation between the volume of hot water in depen-
dence upon factors such as dispatched power, elapsed
element on time and temperature measurements. This is
possible because the longer the element heats (or the
more power dispatched to the tank), the greater the vol-
ume of water in heated state is. The controller can have
the ability to learn this correlation, allowing reasonable
estimates to be made based on past behaviour.

[0314] 3. Once the immersion element has been turned
on for some period of time, there may have to be a wait
period to allow the contents of the tank to settle to ensure
that the tank is fully stratified prior to use. This measure
would be taken to ensure that any residual momentum in
the fluid due to convection has died down and is not
added to by the flow of water associated with drawing
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hot water from the outlet and feeding cold water to the
inlet thus minimising any mixing that might otherwise
occur.
The volume of useable hot water available could be given by
an equation of the following form:

(Eqn. 2: Useable volumeof hot water in tank)

7
f, vdr
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Vez By =t T
TN Co (T = Tinitict)

where V, is the useable volume in litres, I is current in amps,
V is root mean square supply voltage, C, is the specific heat
capacity in J/kgK with T,,,. being the hot water dispatch
temperature and T, , being the initial temperature of the
tank prior to the instant t_,, at which the immersion element is
turned on. t; is the instantaneous temperature of the immer-
sion element. F, is the thermocline factor which would be
brought in from a lookup table. The thermocline factor is a
number (always less than one) which takes account of the
reduction of temperature due to the mixing process that
occurs when the water convects away from the heating ele-
ment towards the top of the tank. The thermocline factor
would be a function of: the tank geometry (height and diam-
eter) and the position of the immersion element (s). For fur-
ther refinement, the thermocline factor could also be
informed by any available temperature measurements. The
thermocline Factor F, can be determined by CFD and tank
tests, specific to immersion element position.

[0315] Algorithmically there are several potential imple-
mentations depending on whether and to what extent tem-
perature feedback is available to the system:

[0316] 1. No Temperature Feedback

[0317] In this scenario, terms T,,, and T, .., are unavail-
able. There may further not be an ambient temperature mea-
surement available as an approximation for T, ., with
which changes in warm up time could otherwise be estimated.
There would therefore have to be an assumed temperature
delta in the denominator of Equation 2. This temperature
delta term could be fixed or it could be a variable that changes
according to any changes in the tank warm up time which may
imply changing ambient conditions; of course changes in
warm up time can also be attributed to changes in the levels of
residual heat which may not be practical to control for. There
may therefore have to be an error margin applied to Equation
2 either by addition of a constant or a reduced thermocline
factor.

[0318] 2. Temperature Measurement L.ocal Only to Immer-
sion Element(s)

[0319] In this scenario, the temperature at the immersion
element is known. It may be that the volume of hot water can
be directly inferred via some temperature measurement taken
close to the immersion element once the contents of the tank
have settled. It may however be more accurate to also con-
sider the elapsed time period during which the immersion
element was turned on (as presented in the numerator of
Equation 2.

[0320] 3. Array of Temperature Sensors Revealing Position
of Thermocline

[0321] An array of temperature sensors tethered to a float
on the end of the immersion element would offer a direct way
of measuring the useable volume of hot water in the tank.
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Rather than having a fixed wait time, the array of sensors
could measure when the tank has fully settled after heating
addressing the point raised by the third point at the beginning
of'this section. FIG. 15 illustrates this. It is assumed that there
is some temperature threshold (for example 50° C.) beneath
which the water is too cold to be of use for a given application.
The lower temperature threshold is an interesting parameter
to be explored since, although for certain applications lower
temperatures may be useful (i.e. taking a shower), there may
be risks associated with legionnaires bacteria. This is poten-
tially mitigated by having the pipework initially purged by
water at a higher temperature.

[0322] FIG. 17 illustrates an array of temperature sensors
1700, in this example with a float 1702. An array of sensors
would determine the position ofh,. If there are a large number
of sensors, the position of h, could be read directly leading to
the following volume measurement:

V,=A(h-h,) (Eqn. 3: hot water volume)

where A is the section area associated with the tank.

[0323] Ifthere are many sensors, h, can be read off directly.
If there are relatively few sensors, it may be worth using a
function based on the gradient of the thermocline to predicth,.
It is more likely that there would be a smaller number of
sensors in which case the position of at which the threshold
temperature occurs would have to be predicted either by: an
empirical function, physical/semi-physical model or look up
table available to the control algorithm.

[0324]

[0325] The interface between the algorithm and the user is
of key importance as the performance of the system will
depend on the extent to which the user is prepared to engage
with the process of programming their requirements.

[0326] 1.31 User Dispatch Choice

[0327] User dispatch choice means that the user will simply
select the time (or duration of time) at which they wish to
draw hot water. This is illustrated by the sequence of selection
screens shown in FIG. 18. Starting at the top level of the user
interface 1800, selection of the ‘Schedule Hot Water
Demand’ option 1802 displays the Weekly Schedule Menu
1804. Selection of a week day (here Thursday 1806) displays
that day’s Dispatch Time Menu 1808. The illustrated time
cells allow half hourly resolution of timing (although this
could be more granular i.e. 15 minutes). A green cell 1810
indicates the user’s preferred dispatch time. The controller
would aim to time the immersion element so that the water is
available at this time and provide some form of audio/visual
feedback to indicate that the tank has attained the correct
temperature.

[0328] The configuration menu 1812 top level of the user
interface 1800 could be used for inputting parameters such as
time, tank type/geometry (if necessary).

[0329] 1.32 Selection of Hot Water Volume

[0330] Should any of the measures discussed in section
1.27 be implemented, the interface would need to allow the
user to select the activity associated with their demand. The
user interface could therefore continue from the day’s Dis-
patch Time Menu 1808 into an Activity Type Menu 1812 and
if necessary into a further Activity Specification Menu 1814,
as illustrated in FIG. 18.

[0331] The learn algorithm, detailed in section 1.22, could
learn to correlate the warm up time associated with each

1.3 User Interface
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activity for a given day and in addition predict what the
change in warm up time may be for a change in activity
specification or type.

[0332] 1.33 Tariff Input

[0333] The user interface could also allow for details of the
tariff structure under which the system operates to be entered.
FIG. 19 illustrates selection of tariff rates and specification of
tariff timing. Starting at the top level of the user interface
1800, selection of the ‘Configure Menu’ option 1812 displays
the Configuration Menu 1904. Selection of the “Tariff Config’
option 1902 opens the Tariff Configuration Menu 1904.
Selection of the “Tariff Rates’ option 1906 opens the Rate
Configuration Menu 1908. Selection of the ‘Apply Times’
option 1910 opens the Tarift Timing Menu 1912.

[0334] The interface could come with existing schedule
templates which automatically adjust to suit the tariff struc-
ture. There could be scope to modity these templates should
the user find there is insufficient hot water during certain
periods. FIG. 20 illustrates an example of tariff—dependent
scheduling. Starting at the top level of the user interface 1800,
selection of the ‘Schedule Hot Water Demand’ option 1802
displays a Schedule Menu 2000 with an option for manual
scheduling 2008 (as illustrated in FIG. 18), an option for
tariff-configured scheduling 2002, and an option for config-
uring the template 2004. In the Template Configuration Menu
2006 scheduling preferences can be specified further.

[0335] 1.34 Tariff Modelling

[0336] Once a pattern of usage has been established, the
controller could estimate the cost associated with a new tariff
simply by computing the energy consumption associated
with each warm up time and applying the corresponding
tariff.

[0337] 1.35 User Efficiency Feedback/Energy Monitoring
[0338] The controller would be further able to monitor the
energy consumption and present the data over an arbitrary
period so that the user can identify trends which may be useful
in influencing behaviour. The interface could highlight the
costs associated with each time that the user overrides the
schedule to deliver additional hot water (particularly during
peak tariff times).

[0339] 1.36 Ethernet Enabled User Interface

[0340] The friendliness of any user interface is often con-
strained by the size and functionality (e.g. touch/non-touch)
of the screen. FIG. 21 illustrates how a wireless network
adaptor 2100 could enable the controller 100 to be pro-
grammed via an Ethernet connection 2102. This would allow
the user to program the controller 100 via a laptop 2104 (or
mobile phone, tablet, or other computing device) using the
appropriate software. This would also have the added advan-
tage that web updates could be made available to signal any
changes in tariff structure and how these may be exploited to
reduce cost.

[0341] 1.37 GSM Enabled User Interface

[0342] FIG. 22 illustrates an interface that also includes a
GSM card 2200 (including antennas 2202 and a suitable SIM
card 2204) so that programming via telecommunications is
possible so that the user could, for example, schedule an
impromptu bath after leaving work early due to a bad day. The
programming interface 2206 would exist on a server which
could be accessed from a computer 2104 via internet or from
a mobile phone 2208 via GSM based telecommunications.
This sort of thing is already used extensively for remote
monitoring of infrastructure (i.e. waste pipe flow rates, gas
valve positions etc).
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[0343] A web service could periodically email the user with
a summary of their usage and system costs with information
on how much they would have paid using different tariffs.
[0344] An additional benefit would be the potential for
network operators (for example in the UK National Grid
2210) to have more control over dispatch of power to improve
the stability of the network and more fully utilise intermittent
energy sources.

[0345] 2. Retrofit Technologies to the Tank

[0346] Whilst there are potential gains from retrofitting a
more intelligent controller to an existing hot water system,
fitting temperature sensors to the tank or a more sophisticated
heating element could lead to additional energy savings. This
section details a range of modifications that would be of
benefit.

[0347] 2.1 Temperature Feedback

[0348] Temperature feedback would allow the controller to
infer the amount of energy that is present in the tank and, as
importantly, its associated temperature. This would improve
any algorithm’s ability to estimate warm up time and so the
optimal timing of power dispatch would be better resolved.
[0349] 2.11 Retrofit of External Temperature Sensors
[0350] Modern UK hot water cylinders typically come pre-
clad in insulation foam. It is relatively straightforward to
pierce a hole through this material and push a sprung tem-
perature probe on to the tank wall. One potentially straight-
forward retrofit would involve a vertical array of temperature
sensors which are fitted to the tank so as to resolve the position
of the thermocline at all times to determine the useable vol-
ume of hot water.

[0351] FIG. 23 illustrates an array of temperature sensors
2300 retrofitted to a water cylinder 2302 pre-clad in insulation
foam 2304. The arrangement would comprise of a strip of
metal 2306 onto which the array of sensors 2300 are secured.
Each sensor would be made up of a guide tube 2308 in which
a sprung probe 2310 would be allowed to travel axially
against a preloaded spring 2312. The sprung probe would
have an integrated temperature sensor of some sort (e.g. ther-
mocouple, thermistor or any of a variety of different MEMS
type devices). The sprung probe would ensure that there was
good contact between the probe tip and the tank surface.
Elastic retaining bands 2314 keep the assembly in position in
much the same way that existing bimetallic retrofit sensors
are held in position. FIG. 24 illustrates the array of tempera-
ture sensors 2300 connected to the immersion controller 100
and FIG. 25 illustrates elastic retaining bands 2314 attaching
a single retrofit bimetallic sensor unit 2500 to a tank 2302.
[0352] One challenge associated with the system above
would be the ease with which it could be wired to the con-
troller to communicate the various temperatures. Ideally,
communication between the sensor array and the controller
could be achieved through the existing mains cable going
between the immersion element and the controller. FIG. 26
illustrates the use of the existing cable link 2502 between the
controller 100 and the tank for both mains and communica-
tion. At the tank side a unit 2500 for sensor signal condition-
ing and/or communication may be implemented. The existing
cable link 2502 can thus serve as a communications bus
between the temperature array 2300 and controller MCU 100.
[0353] FIG. 27 illustrates in more detail the layout of a
system exploiting the existing mains link to enable commu-
nications between the immersion controller and tank sensors.
This scheme allows communication between the immersion
controller and sensor array using the existing mains connec-
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tion. Microcontrollers 2700 on both sides of the main link
would control a double pole relay which sets the connection
of'the mains link either between the incoming mains supply to
the controller and immersion element, or between the micro-
controllers themselves via some form of isolation to allow
safe communication between them. The two controllers
would need to synchronise their own time references. On the
tank side, there would need to be sufficient electrical energy
storage to cover the period of time during which the two
microcontrollers are communicating, ideally the communi-
cation time would be sufficiently brief so that a capacitor
could be used as the energy storage medium. When commu-
nicating, the microcontroller on the tank side would pass on
temperature data to the microcontroller on the controller side.
Communication could occur prior to the immersion dispatch
time period or between immersion switching events associ-
ated with steady state operation. Both microcontrollers could
infer when it is appropriate to communicate depending on
whether any current is being drawn through the mains link by
the immersion element.

[0354] FIG. 28 illustrates temperature measurements per-
formed on a tank at four different positions on the tank: at the
top of the tank 2806; at two-thirds from the bottom of the tank
2804; at one third from the bottom of the tank 2802; and at 15
cm above the immersion element 2800. Temperature mea-
surements were performed with k-type thermocouples on a
combination cylinder tank.

[0355] 2.12 Algorithmic Interpretation of External Wall
Temperature Measurement

[0356] External wall temperature measurement would be
useful in evaluating the volume of usable hot water at any
instance so that a user can make an informed decision regard-
ing whether they can embark on a particular activity without
additional energy being required (which may be expensive
during on-peak times). An additional use for this information
would be to allow a historic presentation of hot water use to
inform user behaviour, much in the same way that household
power meters have been used recently.

[0357] An algorithm is required to transform a series of
vertical wall temperature measurements into an estimate of
tank energy content. Ideally, there would be a high frequency
of wall measurement to resolve the thermocline accurately.
However, from the point of view of cost, it is potentially
preferable to interpolate between fewer temperature readings.
Two options are proposed here, the Assumed Plug Flow algo-
rithm (APF) and the Profile Integrated Energy (PIE) algo-
rithm.

[0358] Assumed Plug Flow (APF) Algorithm:

[0359] This approach assumes that the contents of the tank
are largely unaffected by any demand (in other words the
integrity and shape of the thermocline remains whilst the user
demands hot water). The algorithm comprises of some or all
of the following steps:

[0360] 1. Determine Whether the Tank’s Contents are at
Steady State
[0361] This step can be achieved by setting a threshold

temperature rate of change. Such a steady state criterion for
tank hot water volume estimate can be defined for example as:

4T,
Z o < Aspreshold
=1
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where T, is the reading from a vertical array of n sensors 2300
positioned on the tank wall as shown in FIG. 23. A,,,... ;.. 18
a number chosen to reflect when the tank contents are in an
approximately settled state. In reality, steady state implies
that all thermal energy relative to ambient has left the tank and
that the contents exist at a homogenous temperature, there-
fore A, 1010 Will have to allow for the change in temperature
that results as the tank contents cool towards ambient. This
step may or may not be necessary depending on the extent to
which the tank’s contents are disturbed during heating or user
demand and or the influence of thermal convection from the
immersion element on the tank wall temperature.

[0362] 2. Curve Fit to the Temperature Measurements
[0363] The algorithm takes the array of temperature mea-
surements along with their associated vertical co-ordinates
and fits a function through the temperature values. FIG. 37
shows an example of the evolution of tank temperature profile
against height at two different times or states. In the illustrated
example a third order polynomial function is fit to the mea-
surements. It may be preferable to use an analytical function
with unknown coefficients since this may enable a curve that
more accurately describes the shape of the temperature pro-
file with fewer temperature measurements. In the case ofa 3"
order polynomial, the function relating tank wall temperature
to vertical wall position could take the form:

X(D)=AT*+BT?+CT+D

where X is a vertical coordinate along the tank wall, T is the
temperature at X and A,B,C and D are unknown coefficients.
The fitting of the function would be implemented such that
some “quality of fit” parameter is maximised (e.g. the prox-
imity of the coefficient of determination R* to 1).

[0364] 3. Solve Fitted Function for Some Threshold Tem-
perature
[0365] A threshold that establishes the point above which

water is at a useful temperature (T,;,,..1,..2) 15 computed by the
function developed in step 2 to return the height beyond
which water in the tank is at a useful temperature (for example
50° C.).

[0366] 4. Compute Usable Hot Water Volume

[0367] The volume of usable hot water in the tank can then
be computed by:

Xr—-H
H

V, = Th, ( )VT

where H is the tank height and V is the total volumetric
capacity. V,, can be presented to the user in terms of litres or
more conveniently as multiples of a particular activity (for
example 2 showers, 1 set of dishes, a bath etc). Th,, is the
“Thermocline Trajectory Penalty” which is a number less
than one that describes the deviation from perfect plug flow
due to any mixing associated with a particular activity.

[0368] Th,, would be ableto differentiate between an activ-
ity where the thermocline may be disrupted due to high flow
rates (e.g. a power shower), compared with low flow rate
activities (such as drawing hot water for the dishes). The
algorithm could learn the Th,, for each activity that had been
programmed into the controller by monitoring the evolution
of temperature profile when a certain activity takes place and
computing the true resulting usable volume against the appar-
ent usable volume prior to the commencement of the activity.
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It may or may not be necessary to include Th,, depending on
the level of accuracy required.

[0369] Profile Integrated Energy (PIE) Algorithm

[0370] This approach takes the temperature of the water
into account when computing usable hot water volume fig-
ures. Since hot water dispatched from the tank is normally
mixed with cold water prior to use, the useable volume asso-
ciated with any activity is a function of the desired tempera-
ture T, the usable energy content in the tank E ., (defined as all
thermal energy that exists above the threshold temperature)
and the mains water temperature T ;.

[0371] The algorithm works by implementing up to step 3
for the APF algorithm before computing the usable energy in
the tank E, as:

H
EU—Th,p-A-f PT(X)-Cp(T(X)-T(X)d X
Xr

where the threshold height in the tank is:
Xr=X(Tpresnota)

and p(T(X)) is the water density as a function of temperature
such as that illustrated by FIG. 38. It may be sufficiently
accurate to assume a fixed density. C,(T(X)) is the tempera-
ture dependent specific heat capacity of water (again it may be
adequate to ignore temperature dependence). A is the tank
cross sectional area. Th,, is the “Thermocline Trajectory Pen-
alty” which is a number less than one that describes the
deviation from perfect plug flow due to any mixing associated
with a particular activity.

[0372] The available volume of hot water (calculated on the
basis of usable tank energy and temperature requirements)
then becomes:

Ey,
V, =
Co(Ta)-p-(Ta)-(Ta = T)

T,, could be inferred via the tank inlet temperature although
care must be taken if a combination cylinder is being moni-
tored since the header tank is preheated by the lower heated
section. T,, could be a parameter assigned to each activity as a
factory preset or a user input parameter. The temperature
dependence of heat capacity and density may or may not have
to be taken into account depending on the level of accuracy
required.

[0373] Both the APF and PIE algorithms have been tested
on a tank instrumented with 6 T-type thermocouples. The
algorithm predicts a measured volume of 8 litres from a hot
water tap to within around 6% without including Thtp. The
algorithm is expected to perform similarly over a range of
flow rates on a variety of hot water cylinders.

[0374] 2.13 Single Temperature Sensor Integrated into
Immersion Element

[0375] The previous section discussed the potential use of
an array of temperature sensors to determine the energy con-
tent of a hot water tank, it may however be more economical
to use a single temperature sensor located within the immer-
sion element itself. This could be easily implemented by
replacing the existing bimetallic type that is used in most
immersion elements. FIG. 29 shows a typical immersion
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element 2900 with thermostat probe 2902, in which a bime-
tallic thermostat 2904 is inserted.

[0376] If the bimetallic thermostat were replaced with a
local temperature sensor, it could be possible to estimate the
temperature profile within the rest of the tank, this would
however be a function of a number of other parameters such
as:

1. Whether the Immersion Element is Switched on or Off
During Measurement

[0377] Whenthe immersion element is turned on, relatively
warm water will convect from its surface towards the top of
the tank. Any temperature sensor immersed in this convection
current will yield a value that may not reflect the mean tem-
perature local to its vertical position within the tank. It may
therefore only be useful to record temperature prior to turning
the immersion element on when the contents of the tank are
relatively settled.

2. The Time Elapsed after the Immersion Element has been
Turned Off

[0378] Once the immersion element has been shut down,
convection currents will continue to circulate until the
momentum in the fluid has dissipated and the temperature of
the element reaches the water immediately surrounding it.
Any temperature that is recorded for the purposes of reflect-
ing the energy content in the tank when fully stratified, will
need to have been taken once the contents of the tank has
settled down.

3. The Dimensions of the Tank and Stratification Number

[0379] Extrapolating from a temperature measurement
taken close to the immersion element to the temperature
profile of the tank will require knowledge of the tank’s dimen-
sions and stratification properties.

4. The State of the Inlet and Outlet Connections to the Tank

[0380] When water is drawn from the outlet, an equivalent
flow rate of cold water flows into the bottom of the tank, this
process could lead to eddies and vortices that would disrupt
the otherwise radially homogeneous temperature profile that
would exist for any vertical position when the water is fully
stratified and settled. It would therefore have to be assumed
that the contents of the tank were at rest (i.e. no water was
being drawn) before any measurement (for the purpose of
inferring tank energy content) could be deemed valid. This
assumption could be informed by a time series history of the
temperature measurement along with the immersion current.
Any changes in temperature that exceed the rate which would
be expected from heat transfer mechanisms to the ambient
environment from the tank alone, occurring in the absence of
any immersion current and after a sufficiently long period of
time after the immersion element has been switched off,
could be attributed to the user drawing water from the tank. If
this situation was detected, the controller could wait until the
temperature has settled once more before estimating the
energy content of the tank, or alternatively, use a temperature
preceding the moment at which the user started drawing water
as the basis of an estimate of the tank’s energy content.

[0381] Temperature feedback is potentially expensive from
a retrofit point of view if it requires additional wiring which
may be problematic depending on the proximity of the con-
troller to the tank. One way to get around this would be to add
a small resistance to the existing thermostat whose value has
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a higher thermal coefficient than the heating wire. This would
mean that there would be a measurable and deterministic
change in current going through the immersion element
depending on the temperature of the sensor. In some territo-
ries, such as the UK, the design of immersion heaters man-
dates that a local thermal cut out is integrated within the
element to prevent scalding; any retrofit of the bimetallic
thermostat would have to incorporate this feature. FIG. 30
illustrates a scheme which could be used as a direct replace-
ment of the standard thermostat shown in FIG. 29. Here a
replacement thermostat 3000 fits within a standard immer-
sion element 3002. The thermostat provides a thermal path
3004 to the bimetallic safety cut-out 3010, same as in the
standard thermostat Unlike the standard thermostat a high
current resistor 3006 with a relatively large and deterministic
temperature coefficient is in the immersion element. The
current to the heating element passes through this resistor
3006. By monitoring 3008 the current that the immersion
element is drawing the controller can infer the temperature
based on the change in current. This arrangement provides
temperature feedback to the controller via a change in load
impedance as a consequence of the temperature coefficient of
the resistor.

[0382] There are a number of potential difficulties relating
to the temperature feedback described above. For example,
any resistance that has a measurable influence on the current
dissipates power, thus influencing its local temperature
through self heating (this challenge is already dealt with in
standard thermistors). Further, to correlate current eftectively
with temperature requires a sufficient temperature coefficient
of resistance; this could however result in an unacceptably
large variation in heat output from the immersion element. If
temperature feedback based on change in load impedance as
a consequence of temperature coefficient of resistor is
impractical for any or all of the above reasons, it may be more
straightforward to use a conventional sensor integrated into a
thermostat as shown in FIG. 31. Here the replacement ther-
mostat 3100 has an integrated temperature sensor 3102, for
example a thermocouple, a thermistor, a resistance tempera-
ture detector or another suitable sensor. The output from the
sensor can be fed directly back to the controller.

[0383]

[0384] The previous section examined the ways in which
temperature measured at the thermostat location could be
implemented along with the challenges around inferring what
the useful volume of hot water is in the tank from a single
temperature measurement. It may be unfeasible to reliably
determine the useful energy content from this approach for a
wide range of tanks. It therefore may be more feasible to do
this as already shown in FIG. 17, using a floating vertical
array of sensors 1700 tethered at one end to the immersion
element 1704 and a float 1702 on the other end.

[0385] The main advantage that this approach would have
over the retrofit of external temperature sensors as described
above is that there would be more direct measurement of the
water temperature leading to a more responsive and accurate
determination of the position of the thermocline. The disad-
vantage however would be that the immersion element would
have to be removed and replaced. For a tank with two immer-
sion elements (FIG. 14), it may be preferable to suspend the
array of sensors from the top element using a weight as this
would mean that the whole tank would not have to be drained
of'its contents (although this is only a marginal advantage).

2.14 Floating Array of Temperature Sensors
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[0386] 2.2 Floating Immersion Element
[0387] 2.21 Tethered Implementation
[0388] Instead of the array of heating elements as illus-

trated in FIG. 15, a moveable heating element as illustrated in
FIG. 32 can be implemented. The moveable element adjusts
its position so that the thermal energy is delivered at the
appropriate temperature without being lost to the cold portion
of'the tank. The position of the moveable element 3200 can be
dynamically controlled by the controller so that the thermal
energy is injected at the optimum level within the tank, thus
minimising mixing due to stratification. FIG. 33 shows an
implementation where the fixed heating element (such as an
electric immersion) is replaced by a floating element 3300
whose height is dynamically controlled so that thermal
energy is delivered at maximum temperature to optimise the
exergetic performance of a vat 3302 containing a liquid to be
heated. If applied to domestic hot water systems, this scheme
would offer significant energy savings by minimising the
amount of wasted energy through production of either low
temperature or excessive volumes of high temperature water.
[0389] This arrangement comprises of a floating heating
element 3300 attached by a tether and/or power cable 3304 to
a height control assembly 3306. This arrangement allows
dynamic control of the height within a tank such that thermal
energy is delivered at the optimal position at all times within
the tank.

[0390] A control algorithm positions the moveable heating
element by either:

[0391] 1. An estimate of the rate of hot water production.
This is a function of various parameters including the
system power rating, tank cross sectional area, and ini-
tial volume above the moveable heating element.

[0392] 2. Measurement of temperature at the location of
the moveable heating element.

[0393] 3.Inferenceoftemperature through measurement
of current through moveable heating eclement for
example via detection of steady state switching due to a
local thermostat or temperature coefficient of resistance
of wire over which heat is dissipated.

[0394] 4. Any combination of the above methods to
accurately determine the optimum height of the move-
able element.

The position of the moveable element can be controlled by
various means, for example:

[0395] 1. A submersed motorised ball screw running
from the top to the bottom of the tank coupled to the
moveable element.

[0396] 2. A thermally activated buoyancy control blad-
der integrated within the moveable heating element with
a pressure sensor to infer position.

[0397] 3. A tether to some form of winding drum whose
angular position is controlled by an electric motor. This
arrangement is detailed in FIG. 34.

[0398] FIGS. 34 and 35 illustrate one particular arrange-
ment to implement the scheme. The control assembly 3306 to
which the moveable heating element 3300 is tethered com-
prises an outer sheath 3400, a tether feed hole 3402, and a
flange head 3404 with a flange thread. The buoyancy of the
moveable heating element maintains tension in the tether. The
tether incorporates the power supply to the moveable heating
element along with feedback from any temperature sensors
that may be installed. In the assembly is a low voltage wet
motor 3508 (e.g. a step or synchronous brushless permanent
magnet motor) with an angular position sensor (for example
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a resolver on the motor output or an encoder on the winding
drum) for angular feedback, allowing the control system to
infer the height of the moveable element depending on the
winding drum position. A planetary gear stage 3508 may be
included for integrating the motor’s output annulus onto the
tether spindle 3508. Atthe end of the tether spindle 3508 is the
tether reel 3510 or winding drum. At the flange head 3404
space 3502 is provided for electronics and control circuitry.
[0399] 2.22 Floating Element Control Strategy
[0400] The control strategy would be in a sense similar to
that detailed in section 1.25 for a system incorporating mul-
tiple elements. Assuming a cold start, the floating element
would be maneuvered to the top of the tank at which point
power would begin to be dispatched. As the top portion of the
tank attains operating temperature, the element would gradu-
ally move downwards at the same rate as the natural devel-
opment speed of the thermocline until the desired volume of
hot water had been developed. This process would almost
eliminate the mixing that would otherwise occur due to strati-
fication.
[0401] The control strategy ensures that the element trans-
fers heat to the thermocline without the temperature rising
past the element’s thermostat set point. Generally a mechani-
cal thermostat is included at the heat source to ensure safe
operation. Further, the reliability of the heating element is to
some extent a function of the size of any thermally induced
stresses due to cycling on and off. If the element is dispatch-
ing heat in water at a higher temperature, the surface tempera-
ture of the element has to rise accordingly which may impact
on long term reliability.
[0402] 2.3 Retrofit Sanitation Bulb
[0403] Hot water tanks are often oversized for a given user
requirement. The result of this is that either:
[0404] 1. A larger volume of hot water than necessary is
developed, leading to excessive standing losses
[0405] 2. The user sets an immersion timer to provide

enough heat to develop hot water in the top portion of the

tank leading to a large volume of cool water beneath the

thermocline which, if left stagnant for long periods of

time, could promote the growth of Legionella and other

bacteria.
[0406] A retrofitimmersion heater with an integrated radia-
tion source (for example a UV bulb) could be implemented
for either a standard immersion element or floating arrange-
ment described in section 2.2. The radiation source would
inhibit the growth of bacteria and allow the correct amount of
heat to be delivered to the user at a temperature that minimises
standing losses but which would otherwise be unsanitary
without the radiation source. This technology would be par-
ticularly suited to hot water storage systems that utilise low
grade heat from renewable energy sources such as heat pumps
and solar collectors.
[0407] 2.4 Plume Entrainment Membrane
[0408] Whilst the floating element assembly represents the
ideal in terms of dispatch of thermal power, the disadvantage
of parts moving around in a wet environment may make this
solution costly. An alternative is the plume entrainment mem-
brane as illustrated in FIG. 36. A flexible sheet 3604 with a
floating rim 3602 is tethered to a conventional heating ele-
ment 106 such that it channels 3600 low density warm water
directly to the top of the tank to minimise mixing. A direc-
tional cowl 3608 could assist upward channeling of the warm
water. The membrane would be arranged as a folded concer-
tina such that the whole assembly could be inserted through a
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conventional tank flange. As the water level in the tank rises
on filling, the membrane is unraveled into position by the
buoyancy of the floating rim. The porosity of the membrane
would be tuned so that on the one hand mixing due to vortices
shed by the heating element is minimised but that the ther-
mocline is allowed to develop unimpeded. If the porosity of
the membrane were too low, convection currents would begin
escaping from the sides of the entrainment leading to
degraded performance.

[0409] 3. Further Control Strategy Variants

[0410] As already previously mentioned, a variety of con-
trol algorithms for domestic hot water (and potentially space
heating) that are designed to detect or minimise both inor-
ganic fouling, such as the build up of calcium carbonate scale
or any by-products associated with corrosion, and biological
fouling, for example the growth of biofilms and pathogenic
bacteria that can go on to inhabit them. Ultimately the goal is
to minimise the deleterious effects of both problems whilst at
the same time, delivering the user with their thermal require-
ments at minimal expense of energy.

[0411] 3.1 Bacterial Risk Parameter

[0412] The growth rate of bacteria is highly temperature
dependent. One way of managing the presence of bacteria is
to maintain temperatures above 50° C. throughout a hot water
system. In practice, due to thermal stratification, hot water
vessels can have regions that fail to attain sterile temperatures
for some of the time. This leads to a risk of exposure to
bacteria which is a function of, among other variables, tem-
perature and time. To track potential bacterial populations a
model of bacteria population, accounting for temperature and
time, is included within a heating system control algorithm.
This offers the following benefits:

[0413] To maintain temperatures within the tank at a
level and duration such that conditions are sufficiently
sterile but that standing heat losses or energy costs are
minimised.

[0414] To alert the user/or authority in charge of main-
taining a hot water system when/if a threat of unsanitary
hot water from a tank presents itself.

In order to inform a user of potentially unsanitary hot water,
a variety of approaches to monitoring or inferring tank tem-
peratures is presented along with a means from which to
estimate worst case bacterial populations.

[0415] Discretised Population Model Based on Vertical
Temperature Measurements

[0416] A bio-film, which hosts potentially pathogenic bac-
teria, coats the inside of a tank within a hot water system. An
array of vertical temperature sensors measure water tempera-
tures within the tank directly. Alternatively, an array of verti-
cal temperature sensors infer water temperatures via external
tank wall measurement at regular vertical intervals. Two par-
ticular arrangements are:

[0417] 1. Array of sensors tethered to an immersion ele-
ment: as discussed above with respect to retrofitting, an
array of sensors on a tether float or sink (or both) from an
element thermostat probe or other fitting such as tank
drain valve. These record internal tank temperatures
directly.

[0418] 2. Array of external tank wall sensors: as dis-
cussed above with respect to retrofitting, an array of
sensors is attached to the external tank wall, with the
sensor in direct contact with the tank wall. This allows
inference of the approximate temperature within the
tank.
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[0419] Importantly either arrangement includes vertical
sensors that are extended beneath the bottom immersion heat-
ing element (or other heat source) since it is in the bottom
portion of the tank where temperatures most conducive to
bacterial growth potentially arise. It may be that only sensors
at or beneath the bottom immersion element (or heat
exchange coil) are required.

[0420] For each position within the hot water tank, a crude
population model according to Equation 4 is used to track
bacterial populations within various portions of the hot water
tank:

(Eqn. 4: bacterial population growth model

applied to positional temperature measurements)

for P < Piypesp, and

kKT, P
4 20° C. < T <49° C. (case 1)
P
T -&T,)-P for T >49° C. (case 2)
0 for P > Pyyesn and

20°C.<T<40°C.or T <20° C. (case 3)

where bacterial population P in colony forming units (CFU/
ml) is a function of the temperature dependent growth rate k
and death rate -9 at positional temperature T, . The bacterial
death rate function —-3(T,) may be looked up in a suitable
table or graph. FIG. 39 for example, which shows the decimal
reduction in time (time required for 90% of Legionella popu-
lation to be exterminated) against temperature, may be used.
[0421] For the growth rate function k(T,) a simple
approach is to assume a conservative doubling time value. For
example for Legionella a doubling time of 9.3 hours is
assumed when the temperature falls between 20° C. and 49°
C. A more sophisticated function may be used, for example of
temperature relating bacterial growth, lag times, and maxi-
mum populations to temperature and other parameters relat-
ing to water chemistry and background nutrients.

[0422] By integrating (dP/dt) from Equation 4 with respect
to time for each temperature node that exists within the tank,
spot estimates of bacterial growth can be made by a control
algorithm which can then either dispatch heat in such a man-
ner as to ensure sanitary conditions are maintained whilst
undue standing losses are minimised. In addition, a user inter-
face could warn of an unhygienic supply of hot water.
[0423] Worst Case Bacterial Prediction Based on Bottom
Tank Section Temperatures or Single Immersion Element
Interface Temperature

[0424] Whilst it may be useful to have a multiple array of
temperature measurements within a hot water tank for other
purposes (such as computing available hot water volumes, as
described above), for determining a risk of exposure to
Legionella or other pathogens, temperature measurements
above the bottom injection point of heat are potentially super-
fluous.

[0425] Immersion elements dispatch heat with a high rate
of flux due to their relatively small surface area and large
electrical power consumption. This results in high Rayleigh
numbers and consequently convective heat transfer due to
water density’s dependence on temperature. The convection
between the bottom element and top of the tank results in a
relatively well mixed portion of hot water above the heating
element. On the other hand, the portion of water beneath the
heating element is heated at a much reduced rate (primarily
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through conduction across the thermocline and tank walls);
furthermore, the temperature of the bottom of the tank is
suppressed due to the inflow of inlet cold water which is
typically located near the bottom of the tank.

[0426] FIG. 40 shows the temperature response of a stan-
dard vented 115 litre combination cylinder heated by a 3 kW
element. The tank temperature is measured by four thermo-
couples with regular vertical spacing on the outside of the
cylinder from top (T1) to bottom (T4). The graph shows the
temperature response of a tank during warm up from 18° C.
T4 is located beneath the immersion element. Temperatures
T1 through to T3 are above the immersion element. As is
evident from FIG. 40, temperatures above the immersion
element are homogenous due to the mixing above the heating
element whilst temperatures rise more gradually beneath the
element as would be expected given the differing modes of
heat transfer.

[0427] FIG. 41 shows a simplified model of a hot water tank
immediately after being brought to temperature. For the pur-
poses of bacterial model calculation the hot upper portion
4100 is ignored, as the convective heat transfer implies that
the immersion thermostat has tripped at 60° C., and the con-
tents in the upper portion 4100 are sufficiently sterilised. At
the immersion heating element 4104 (or whatever heat source
is used) an initial thermocline 4106 is found from the full
charge. In a cold bottom portion 4102 the temperature con-
ditions can be measured or inferred, analytically or numeri-
cally, over time, over a single temperature measurement (po-
tentially integrated within an existing mechanical thermostat
design), assuming conductive heat transfer, mixing effects,
wall conditions, etc.

[0428] To determine worst case bacterial populations, there
therefore needs to be a way of measuring or inferring the
vertical temperature distribution within the bottom portion of
the tank only. Five options are discussed:

[0429] 1. Inference solely on the basis of a numerical strati-
fication model, measured immersion current and assumed
duty cycle

[0430] A simulation of the hot water tank is run on a target
processor within the hot water controller responsible for the
dispatch of heat. The simulation yields vertical tank tempera-
tures over various portions of the tank with emphasis (for
instance with higher resolution) on temperatures within the
portion ofthe tank beneath the lowest thermal entry point. For
simulation of tank stratification in real time, a simulation tool
such as TRNSY'S may be used. The TRNSYS Type 60 multi
node variable inlet model for example is a one dimensional
discretised model and is therefore computationally efficient
compared with 2 or 3 dimensional computational fluid
dynamic models; it is also flexible compared with analytical
approaches.

[0431] 2. Inference via single interface temperature mea-
surement aided by analytical or numerical model

[0432] The conventional thermostat in the lowest immer-
sion heating element is replaced with a thermostat that has an
integrated temperature sensor. From the temperature at the
heating element the temperature at the bottom of the tank,
below the immersion element, is inferred. This approach is
straightforward to retrofit on to existing systems. Preferably
the conventional (mechanical) thermostat is retained as a fail
safe to prevent waters exceeding an upper limit whilst allow-
ing the controller to dispatch heat to a lower temperature
using the temperature sensor as a reference. The temperature
measurement could be taken by a sensor such as a thermistor,
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thermocouple or RTC integrated within a traditional thermo-
stat probe. Alternatively, as discussed above, precise mea-
surements of immersion current and heating element resistive
temperature coefficient can provide an indication of the tem-
perature in the tank at the immersion element. The tempera-
ture measurement could be inferred via measuring small
changes in power consumption when a current is applied to
the immersion element (due to temperature dependence of
heating element resistance).

[0433] To give a more accurate estimate of the temperature
below the immersion element, the temperature could be used
with an analytical model, where the temperature at the
immersion element provides the boundary condition between
the “hot” and “cold” portion of the tank in FIG. 41. For
example, a one dimensional application of Fourier time vary-
ing conduction for a finite slab is suitable, or a numerical
model such as the (TRNSYS) Type 60 multi node variable
inlet model already discussed. Either model may require mix-
ing corrections to be applied when water is drawn from the
tank.

[0434] 3. Direct measurement within tank or by sinking
temperature sensors from immersion element thermostat
[0435] This approach benefits from improved accuracy
since the uncertainties associated with mixing from inlet
water are remove by direct measurement.

[0436] 4. Direct measurement from immersion element
with full vertical sensor array for resolution of both available
volume of hot water and detection of problematic populations
of bacteria.

[0437] 5. Any of the above indirect methods augmented by
flow measurement instead of assumed duty cycle. Flow mea-
surement could be inferred via measurement of changes in the
tank thermocline detected by vertical tank temperature mea-
surements.

[0438] 3.2 Scaling Parameter Many water supplies suffer
from water hardness, that is to say there are large concentra-
tions of ions such as calcium Ca** which, in conjunction with
carbonic acid (2HCO; ™), formed as carbon dioxide dissolves
in water, precipitate out calcium carbonate (or limescale)
according to the following equation:

CaCO5+CO,+H,0= Ca2*+2HCO,~

Scale, which can form from other metallic ions such as mag-
nesium, is problematic due to the following reasons:

1. Reduction in heat transfer from immersion elements and
heat exchangers: FIG. 42 shows the reduction of heat transfer
on a copper plate heat exchanger against scale thickness for a
variety of common precipitates. Reduced heat transfer can
lead to failure of an immersion heating element due to
increased temperatures. It can also unfavourably increase
power consumption; as the lime scale layer thickness
increases, the interface temperature between a heating ele-
ment and the bulk fluid in which it is immersed is reduced.
FIG. 43 shows exemplary relative electricity consumption as
a function of scale thickness for a pipe heat exchanger in an
electrical boiler.

2. Constriction of flow diameter leading to reduced flow
and/or increased pressure losses throughout the hot water
distribution system. This problem results in higher pumping
losses for a given quantity of water delivered to the end user
along with reduced output from appliances such as showers.
[0439] Significant scale reduction is achieved by an intel-
ligent immersion controller which dispatched heat just in
time rather than maintaining operating temperature for
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extended periods during off peak hours. This feature is inher-
ent in the controller described above. Additionally, the opera-
tion of the controller may be further adapted to minimise scale
formation and optimise performance. An approach to maxi-
mise thermal and sanitary performance whilst minimising
scaleis next described. In addition, an approach to monitoring
scale formation on immersion elements by the controller is
described. A similar approach could be taken to include the
cost associated with other temperature dependent fouling
processes such as corrosion.

[0440] 3.2.1 Mechanisms that Lead to the Formation of
Scale
[0441] Calcium ions (and others responsible for scale for-

mation) exhibit the property that they become less soluble at
higher temperatures in waters with a pH between 6 and 9.
Water authorities in the UK stipulate that pH values should
never stray outside of the range 6.5 to 9.5. FIG. 44 shows
solubility of calcium ions in water at different temperatures
and pH values. In areas that are prone to hard water (high
concentration of scale forming species), raising the tempera-
ture of the water results in super-saturation and consequent
precipitation of scales on surfaces within the hot water sys-
tem.
[0442] Surfaces responsible for heat transfer in hot water
systems can attract scale ions due to the concentration gradi-
ent that is established between their surface and the bulk fluid
in which they are immersed. This is due to the temperature
gradient between the bulk fluid and heated surface. FIG. 45
shows the mechanism that drives scale products on to heat
transfer surfaces.
[0443] Scale formation is either rate limited at the surface
(surface limitations) or limited between the bulk water and
the surface of the heat transfer device (mass transfer limita-
tions). A variety of models can be used to estimate the rate of
scale build up, the most effective of which is the combined
model] that accounts for both surface and mass transfer limi-
tations.
[0444] Due to the relatively low computational expense of
both the TRNSYS multi mode variable inlet model and the
calcium carbonate combined scale rate model discussed in
this section, one approach would be for a hot water system
controller to run multiple simulations of thermal dispatch
control strategies against historical draw off profiles (for
example taken from a representative duty cycle or inferred
directly from vertical temperature measurements and or hot
water flow measurements) subject to the constraint that water
must be dispatched at a useable and sanitary temperature.
Additional inputs to this model would include water hardness
and worst case legionella growth rates. The strategy that
results in minimal scale formation and standing heat loss
would be selected for implementation. If other temperature-
related fouling processes, such as corrosion, were of signifi-
cance, these could be included as additional cost functions to
be minimised.
[0445] 13.2.2 Scale Minimisation by Pulse Width Modula-
tion (PWM) Control of Immersion Element
[0446] Assuming the immersion controller has sufficiently
quick response and reliability (for example IGBT or FET)
then a PWM signal could be applied for the purposes of
reducing scale. This would operate according to the following
mechanisms:
[0447] Scale reduction due to reduced interface tempera-
ture and resulting solubility gradient: by modulating the
power to the heating element, the warm up temperature
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profile of the tank could be optimised so that scale depo-
sition is minimised. By reducing the temperature differ-
ence between the heating element interface and bulk
fluid, a reduced concentration gradient would be estab-
lished leading to a lower transfer rate of scale species, as
discussed with reference to FIG. 45.

[0448] Reduction due to magnetic interaction between
scale products and heating element: it has been demon-
strated that the magnetic flux from a coiled wire around
a pipe can reduce scale build up on surfaces. For
example this effect can be achieved at currents in the
region of 7 A and frequencies around 3 kHz assuming 80
turns of wire wrapped around a 22 mm plastic water
pipe. Assuming a similar magnetic path exists between
the heating coils and scale forming surface, this may be
achieved for example with off-the-shelf switching FETs
and IGBTs.

[0449] Precise control of bulk fluid temperature with
minimal hysteresis: PWM control combined with tem-
perature data allows precise control of the tank tempera-
ture with minimal overshoot and consequently less scale
formation (which is related inversely and non-linearly to
temperature).

[0450] 3.2.3 Calculation of Scale Precipitation

[0451] The control algorithm uses any one of a variety of
different techniques that are used to predict rates of water
scaling. By assigning a cost to scale thickness, the algorithm
then optimises the dispatch of heat to minimise the cumula-
tive cost associated with energy cost, standing heat losses,
and scale thickness. Additionally, the maximum allowable
bacterial population may provide further constraints.

[0452] One particular approach to predicting scale forma-
tion rates along with their associated cost is now described for
illustration. It is worth noting that a similar approach may be
used for other inorganic fouling processes, such as corrosion,
where the fouling leads to significant costs and or degradation
in performance.

[0453] Rates of scaling on a 3 kW immersion element
within a hot water tank are estimated based on input param-
eters to the control algorithm for temperatures 60° C. and
100° C., and based on a given water composition.

The following assumptions are made:

[0454] Equilibrium conditions for water exist (i.e the rates
of reaction are fast enough to assume that an infinite amount
of time has elapsed allowing all salts associated with scale to
precipitate). Other models, accounting for non-equilibrium
effects exist and could be used for improved accuracy.
[0455] Carbonate ions are in excess and it is assumed that
there is always enough dissolved carbonate to react with
dissolved calcium.

[0456] All the scale that is precipitated within the hot water
system is deposited on the heat transfer surface (in this case
the immersion heating element sheath). This assumption is
based on the premise that precipitation favours heat transfer
surfaces due to the concentration gradient as discussed above.
[0457] Water pH and carbonate concentration are usually
available for a particular region. For the example here, it is
assumed that the dissolved CaCOj; content is 255 mg/1, and
the pH is 7.4.

[0458] Generally, the equilibrium scale models predicts the
rate of precipitation along the lines of the following function:

w=F{[Ca®*]-[@afit/§} general form of equilibrium scale rate models)
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where scale rate, w, depends on the concentration of calcium
ions [Ca®*] and the saturation level s for water at a particular
set of water chemistry parameters such as temperature, pH,
alkalinity etc. F is a function that accounts for the non-ideal
attributes of real water that means that not all of the calcium
in excess of saturation precipitates.

[0459] The atomic mass of calcium is 40 AMUSs, carbon, 12
AMUEs, and oxygen, AMUs 16 AMUs; the dissolved CaCO,
content is 255 mg/l, so the calcium ion concentration is cal-
culated with:

(Eqn. 6: concentration of calcium ions from

dissolved content of calcium carbonate measurement)

Hea
Hea + Heos
40
T 20+12+3x16
102 mg
!

[Ca2] = % [CaCO;]

X255

where [Ca®*] is the concentration of dissolved calcium and 1,
is the atomic mass of ion n and [CaCQ;] is the measured
quantity of dissolved calcium carbonate.

[0460] Once [Ca**] is known, the saturation level [Ca**]s
of the dissolved calcium is determined. In this example, the
data presented in FIG. 44 is referenced. At pH=7.4

[Ca**]s is 26 mg/l at 60° C.

[Ca**]s is 12 mg/l at 100° C.

Alternatively alook-up-table could be used to determine satu-
ration levels. Also, a closed form analytical solution for cal-
cium concentration against water chemistry parameters based
on physical chemical relations could be used to determine
saturation levels.

[0461] The simplest assumption to make is that all calcium
content above the level at which saturation occurs precipi-
tates. In a more realistic assumption the solution can exist in
a supersaturated state. The degree of precipitation can for
example be described with a degree of saturation (DOS)
metric:

(Eqn. 7: degree of saturation metric
used to determine fractions of precipition)

[Ca*]
DOS = ——
[CaZ*]s

For example, the fractions of precipitation (or scale poten-
tials) can be determined for each amount of dissolved calcium
falling between the following bands of degrees of saturation
from a look-up table such as the following:

TABLE 2

Scale potential fraction as a function of degree of saturation

Degree of Saturation (DOS) Scale Potential Fraction Sp

1-3 0.2
3-8 0.6
8+ 1
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[0462] For temperatures of 60° C. and 100° C. the amount
of'scale estimated to be precipitated per litre of hot water can
be determined:

TABLE 3

Predicted precipitation level at 60° C.
Scaling Rate at 60° C. (DOS = 3.9)

Degree Precipitation in
of Saturation  Dissolved content in DOS band

(DOS) DOS bin (mg/L)  Scale Potential Sp (mg/L)

1-3 52 0.2 10.4

3-8 24 0.6 14.4

8+ 0 1 0

Total scale rate per litre (w) 24.8
TABLE 4
Predicted precipitation level at 100° C.
Scaling Rate at 100° C. (DOS = 8.5)

Degree of Dissolved content Scale Precipitation in
Saturation (DOS) in DOS bin (mg/L)  Potential S, DOS band (mg/L)
1-3 24 0.2 4.8
3-8 60 0.6 36
8+ 6 1 6

Total scale rate per litre (w) 46.8
[0463] Assuming a heating element with heat transfer sur-

face A, the rate of increase in scale thickness is:

(Eqn. 8: rate of scale thickening on a heat transfer element)

ds, B wQ " d
e ps_A (meters per second)

where Q is the hot water flow rate, p, is the density of scale, w
is the scale rate (e.g. in mg/litre) and (dS,/dt) is the rate of
increase of scale thickness. The density of the scale depends
on its crystallographic manifestation; calcite, for example,
has a density of 2.7 g/cm?>.

[0464] The control algorithm can use Equation 8 to track
the predicted thickness of scale on a heat transfer element
using:

(Eqn. 9: integrating scale thickeningrate to get scale thickness)
S, = f 1S dr
T, dr

By evaluating Equation 9, for a typical 3 kW immersion
element and the w values found in Tables 3 and 4, we find that
the depth of scale over 1 year assuming 100 litres is cycled
every 24 hours at constant temperature is approximately 1.5
mm at 60° C. and around 2.94 mm at 100° C.

[0465] Given the scale thickness, the resulting additional
energy consumption can be determined, for example with
data such as shown in FIG. 43. Using FIG. 43 for the example
discussed here, for every 1000 units of energy the unscaled
immersion element would use, the element with 1.5 mm scale
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uses 3200 units of energy and the element with 2.94 mm scale
uses 5200 units of energy. The difference between a bulk tank
temperature of 60° C. and 100° C. causes an increase in the
order of 60% in power consumption.

[0466] The increase in power consumption can be used to
calculate a cost value that represent the increase in costs due
to the element operating with scale. Additional costs may also
be added, such as a cost factor that accounts for the reduced
lifetime of the heating element along with the expense asso-
ciated with the increased frequency of maintenance.

[0467] 3.2.4 Scale Monitoring Via Periodic Thermal
Impulse Response Test

[0468] Animmersion controller may detect the presence of
scale by periodically conducting an impulse response test on
the heating element and monitoring the temperature
response. As an increasing thickness of scale forms, the ther-
mal time constant associated with the impulse test increases
and hence can be detected by temperature measurement.
Heavy scaling is also associated with increased tank warm up
times which may be detected from current measurement
alone. This enables the controller to signal that the heating
element is being compromised by scale before a catastrophic
failure (which could lead to a hot water system becoming live
if not properly earthed) or undue expense through excessive
heat loss at higher heat transfer surface temperatures.

[0469] 3.3 Heat Loss Cost Parameter

[0470] Thermal losses associated with a particular control
strategy may for example be measured directly via vertical
temperature measurement or predicted numerically or ana-
Iytically. The heat loss cost is factored into the cost model as
it equates to an additional period of time over which the
immersion element has to be switched on for.

[0471] FIG. 46 shows the thermal model for each vertical
node within a TRNSYS Type 60 multi node variable inlet
model. The model assumes that within each node of the tank
there may be a thermal source, mass inflow or outflow, heat
exchanger etc. For each node, heat loss is computed on the
basis of the heat transfer coefficient between the tank and its
ambient environment along with the nodal and external tem-
peratures. Heat losses/gains due to the presence of heat
exchangers, cold inlet flows etc are also included. Therefore
any control strategy can be assessed on the basis of thermal
performance for a given draw off duty cycle and heat input
sequence. The draw off duty cycle may be measured by flow
and temperature measurement. Statistical draw-off duty cycle
may be consulted, or a statistical draw-off duty cycle may be
generated based on measurements over time (for example the
control may be adapted to correlate periodic changes in duty
cycles such as weekends with measurement). FIG. 47 shows
some examples of standard domestic hot water duty cycles

(ASHRAE, SRCC, BECKER, PERLMAN or
BOUCHELLE).
[0472] Once the heat loss is quantified, a cost is associated

with the heat loss. The cost model used to do this allows
monitoring the cost associated with a particular tariff struc-
ture and immersion or boiler firing time.

[0473] The cost C,, of any particular thermal source con-
tributing to the hot water tank (e.g. immersion element, boiler
heat exchanger etc) is computed for any control strategy by
integrating the price P,, associated with a particular tariff
occurring between transition times a,, and b,, whenever the
thermal source is on (H=1). This is expressed by:
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(Equation 10 cost overtime associated with a

thermal source operating within the hot water system)

P, a <r<b
Py, ar <r<by

: X
P,a,<r<b,

m]

" 1, when heat source is on
B 0, when heat source is off

[0474]
Strategy

[0475] A control strategy is implemented in an algorithm
embedded within the hot water system controller. The control
strategy may be adapted to optimise the dispatch time, tem-
perature and duration such that the least total cost is incurred.
The total cost is composed of the cost of energy consumption
and the cost associated with scale, biofilm thickness or the
by-products of corrosion, as discussed above. Further con-
straints are posed by the thermal and sanitary requirements, in
particular the requirement to maintain the bacterial exposure
risk below a threshold. FIG. 48 illustrates the layout of a
control algorithm. The bacterial model 4808 determines the
bacterial risk parameter described in detail above. The scale
model 4810 determines the scaling parameter described in
detail above. The cost model 4812 determines the heat loss
cost parameter described in detail above. The bacterial model
4808, scale model 4810 and cost model 4812 may use a
thermal model 4806 of the heating system to generate thermal
data required as an input. Alternatively, thermal data may be
supplied for example from temperature sensors. Various
inputs feed into the thermal model 4806, including data
regarding the real world target 4802 (e.g. tank volume, insu-
lation of the tank, and positions of inlets and outlets), demand
data 4800 detailing the expected duty cycle and thermal
requirements, and the controller strategy 4804 for the heating
system (including duration, time of initiation, and tempera-
ture setpoint of immersion element). In the absence of a
thermal model the demand data 4800 controller strategy 4804
may be fed into the bacterial model 4808, scale model 4810
and cost model 4812 alongside the thermal data obtained
from for example temperature sensors. The bacterial model
4808, scale model 4810 and cost model 4812 produce results
in the form of bacterial risk parameter, scaling parameter and
heat loss cost parameter in dependence on the inputs (includ-
ing controller strategy).

[0476] As described above, the thermal model 4806 pro-
duces a range of vertical temperature distributions on the
basis of demand data 4800 (e.g. an input duty cycle) and
immersion controller strategy 4808.

[0477] The immersion controller strategy 4808 specifies
thermal source duration (immersion element on or boiler
firing time) and a dispatch temperature. Selecting a high
temperature and short duration at which that temperature is
maintained enables the portion of the tank beneath the ther-
mal injection point to be quickly brought to a sanitary tem-
perature with minimal heat loss, however the rate of scale
precipitation may be higher. A lower bulk temperature deliv-
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ered just in time may minimise standing heat losses and scale
but may also lead to an unacceptably high bacterial exposure
risk.

[0478] A variety of strategies may be attempted to establish
the influence of varying dispatch temperature, duration and
time on cost, scale thickness or thickness associated with
other types of fouling such as corrosion or biofilm thickness,
bacterial load and outlet temperature of hot water tank.
[0479] In the approach to minimise total cost described
here, a number of simulations of the heater operation are
generated, each for different operating conditions, with con-
straints defined for example by the usage requirements.
[0480] FIG. 50 shows a flow chart describing an algorithm
which selects among a range of control strategies to find an
optimal way of controlling hot water tank

1. Initialisation of simulation 5000

The routine begins by initialising the simulation with:

[0481] system parameters such as tank size, insulation
level thermal input ratings and positions, along with tank
inlet and outlet positions and water chemistry param-
eters such as pH, total hardness, background bacteria
counts etc;

[0482] thermal requirements and (expected) domestic
hot water duty cycle. An expected duty cycle may be
assumed on the basis of a standard domestic hot water
duty cycle. Alternatively an expected duty cycle may be
taken directly from historic data measured from the sys-
tem via flow sensors or temperature measurements that
allow the trajectory of the thermocline to be resolved and
the associated volumetric flow rate. In the example used
here the ASHRAE standard domestic hot water duty
cycle is used; and

[0483] a thermal input control strategy including for
example timings, durations and temperatures limited to
the temperature limit imposed by the thermostat.

The thermal model of the tank may be initialised with any
data or inferred data from sensors on the tank. An analytical
model may be used to determine the duration of time to heat
the tank from an assumed temperature to operating tempera-
ture.

2. Simulation run 5002

[0484] A simulation is run to assess the performance of the
initial control strategy. The tank stratification model 4800
feeds temperatures to the scale model 4800 and bacterial
population model 4800. The cost model 4800 tracks the price
associated with firing the immersion element by integrating
the price associated with the tarift/s that prevailed whilst the
immersion element was on. A period of 3 days is simulated for
the assumed duty cycle (each day repeating the same duty
cycle). This allows all parameters to settle to steady state
values.

[0485] FIG. 49 shows the results for a simulation of a 115
litre hot water tank fired by a single 3 kW immersion heating
element. A period of 3 days is simulated for a standard
ASHRAE duty cycle. X axis is time (secs) for each plot. The
following simulation outcomes are shown: bacterial popula-
tions (CFU/1) 4900; scale thickness (metres) 4902; cumula-
tive cost (pence) 4904; and tank temperature profiles within
the tank 4906. In this example, one particular firing strategy is
evaluated to establish steady state peak bacterial populations
and scale formation rates. Additionally a check that the top of
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the tank never falls below 50° C. is in place to ensure that
water is dispatched at an appropriate temperature at all times
to the user.

3. Selection of input parameters for next simulation

[0486] Oncethe simulation has finished, a variety of checks
are made on the results. There are two circumstances that can
arise at this point:

[0487] Failed strategy: if the bacterial population any-
where within the tank exceeds a value which is deemed
a potential risk to human health (‘Is bacterial load
beneath pathogenic threshold?’ 5004), or if the tempera-
ture of the tank at the outlet position is at a value less than
what is deemed necessary for the user’s thermal require-
ment (‘Has tank outlet temperature remained above
threshold value?” 5006), the strategy has failed. The
routine then updates the strategy initialisation param-
eters (‘Adapt strategy to fulfil requirements’ 5008, in
particular thermal and sanitary requirements) to attempt
to pass on the next simulation. The necessary update can
be for example increasing the dispatch temperature or
duration over which a certain temperature is maintained,
or introducing a boost period where the thermal source
comes on again at another stage in the day to maintain
tank temperatures/cull bacterial populations.

[0488] Successful strategy: a successful strategy implies
that the bacterial levels are acceptable and the tank outlet
temperature was sufficient to deliver the user’s thermal
requirement. Ifa strategy is successful there still may be
scope to reduce the total cost in terms of purchased
energy and scale formation that is associated with firing
the thermal source. To compare and evaluate the strat-
egy’s performance the cumulative cost and scale build-
up is recorded 5010. Then the strategy is adapted to
reduce cost 5012. Cost reduction may be achieved by
reducing the control temperature, the duration over
which the thermal source was on or the timing of dis-
patch of energy to the thermal source. If thermal cost is
excessive, then the heating period may for example be
moved to a low-tariff time while dispatching at a higher
temperature to meet the thermal requirements. If scale
build-up is excessive, then for example the immersion
temperature may be reduced while adding a boost period
to meet thermal requirements. The initialisation param-
eters are thus changed accordingly and the simulation is
re-run.

4. Tteration and selection of most cost effective strategy 5014

[0489] The simulation is run multiple times until a most
cost effective control strategy is selected. The strategy may be
run a number of times, and the best of the resulting strategies
may be selected. Alternatively, the simulation may be run
until the performance improvement between runs is insignifi-
cant. Various methods may be employed to direct the strategy
search to minimise the number of simulation runs that are
required. Whilst implementing the strategy the actual duty
cycle data may be recorded to tune the initialisation of next
simulation.

[0490] The least costly strategy as identified by the series of
simulations is deployed on the hot water system. Feedback
available from sensors that monitor usage and energy con-
sumption may inform the initialisation process of the next
strategy search routine. The strategy search routine may for
example be updated repeatedly wherever there is a deviation
from the expected duty cycle or energy consumption.
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[0491] 3.5 Exemplary Implementations

[0492] A range of hardware arrangements that may be used
(singly or in combination) to implement a control strategy as
described above are next described.

1. Control algorithm with no feedback (FIG. 51)

[0493] In this arrangement the algorithm assumes a stan-
dard duty cycle and takes user input for the purposes of
informing a simulation to determine the optimum routine for
scale and bacterial control. Feedback from the user may addi-
tionally flag instances where thermal requirements are not
met, allowing adaptation of the algorithm to optimally meet
the requirements. Alternatively, the optimisation according to
bacterial, scale or other types of fouling, thermal and cost
performance may have been pre calculated and translated into
a control strategy pre-loaded as a factory setting. Any number
of thermal sources could be controlled in this manner.

2. Energy consumption measurement of thermal source (FIG.
52)

[0494] In this arrangement the algorithm monitors the cur-
rent and/or supply voltage and/or energy consumption of the
thermal source. In the case ofa boiler fired heat exchanger, the
algorithm may make use of a gas pulse meter or other device
to infer real time energy consumption. This hardware
arrangement enables the warm up time to be learned, and (in
the case of an immersion element) may allow the temperature
atthe heating element to be inferred via changes in the heating
element resistance due to temperature.

3. Retrofit thermostat with integrated temperature measure-
ment (FIG. 53)

[0495] In this arrangement the thermostat within the
immersion element is replaced with one that has an integrated
temperature sensor. This is a simple retrofit that retains the
mechanical fail safe of a traditional thermostat but enables
more precise control of tank temperature in order for optimal
control of the hot water system to be achieved by the control
algorithm. In addition, the existing supply cable between the
heating element and controller may be used as the data link
when the heating element is turned off to save on additional
communications/signal wiring. Besides retrofitting a conven-
tional immersion element, other types of retrofit immersion
elements, such as the moveable heating element described in
section 2.2, may include a temperature sensor, integrated in
the thermostat or otherwise.

4. Controller coupled with external vertical sensor array (FIG.
54)

[0496] Inthis arrangement a vertical array of sensors on the
outside of the tank pierces through the insulation. This pro-
vides a cost effective means of inferring useable hot water and
typical draw off duty cycles to inform the algorithm’s initiali-
sation parameters prior to testing of control strategies.

5. Internal array of temperature sensors suspended beneath
thermal source at tank bottom (FIG. 55)

[0497] This arrangement resolves temperatures in the
lower portion of the tank to determine more accurately what
the risk associated with bacterial population is for a given
control strategy.

6. Internal array of temperature sensors throughout tank (FIG.
56)

[0498] This arrangement may for example be implemented
by suspending an array of sensors by a weight from the
bottom thermal source/immersion element and tethering an
array of sensors above the thermal source using a float. The
arrangement could be designed for easy retrofit to an existing
hot water system for example by tethering the array of sensors
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to a retrofit tank drain valve. The availability of internal
temperature measurements above the lowest thermal injec-
tion point provide the advantage of being able to accurately
resolve the position of the thermocline to determine duty-
cycles, useable volume quantities etc.

7. Inlet/outlet flow/temperature measurement (FIG. 57)
[0499] In this arrangement temperature sensors are
arranges to measure the flow and/or temperature at the inlet(s)
and/or outlet(s). Measurement of the outlet temperature
informs the controller whether the thermal requirement is met
at all times for a given control strategy. Measurement of the
(cold) inlet temperature enables the controller to respond to
sudden changes in supply temperatures and dispatch thermal
energy in an optimal way accordingly. Measurement of the
flow rates enable the duty cycle associated with the hot water
system to be measured and used to inform initialisation of
control strategy simulations.

[0500] FIG. 58 shows a generic heating element controller
5800. As mentioned with reference to FIG. 1, the controller
includes a clock unit 5802, in order to dispatch energy to the
tank at the appropriate time according to a control strategy
5810. For determination of the control strategy 5810, a foul-
ing computation unit 5804 is included in the controller. The
fouling computation unit 5804 includes a number of models
5808 that determine how parameters influence one another.
For example the bacterial risk model determines how a cer-
tain heated state influences the bacterial population in a tank.
The models require input data 5806, such as for instance for
the scaling model the expected scale precipitation rate in
dependence on water composition and temperature. The input
data may be pre-loaded data 5818, such as a look-up table for
scale precipitation rate in dependence on water composition
and temperature. The input data may be user input 5816, for
example the pH and hardness of the water at the user’s loca-
tion. The input data may be sensor input 5814, for example
from temperature measurement sensors, or from heating ele-
ment duty cycle sensing. The input data and the types of
model used may be interdependent; for example if only scant
temperature sensing data is available, then a temperature
model may be used with only minimal temperature data input
requirements (and possibly more user input requirements, for
instance to specify the tank volume). The models 5808 are
combined to optimise the control strategy 5810 with respect
to a parameter of particular interest, such as cost. The opti-
misation may be defined in respect of multiple conditions; for
example minimising a cost parameter and at the same time
avoiding the bacterial risk surpassing a threshold. To identify
the optimal control strategy, a number of potential control
strategies may be evaluated by the models 5808 using the
model input data 5806, and then the potential control strate-
gies that produces the most favourable outcome is determined
and adapted as control strategy 5810, which is implemented
by the controller 5800 for heating element control 5812.
[0501] The advantage of a fouling computation unit 5804
using models 5808 and model input data 5806 is that accurate
judgement may be made as to the most beneficial control
strategy, without requiring actual real-time sensing data for a
multitude of conditions (e.g. bacterial concentration in tank
or scale on heating element). It also allows predicting the
outcome of the strategy without the requirement of enacting
it. This is particularly useful where the outcome is relatively
cumbersome to reverse, such as corrosion. The benefits to the
user are ease of use (as the user does not need to determine the
optimal strategy himself) at minimal expense (as no exhaus-
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tive sensing componentry is required). Depending on the
optimisation, the operation may be optimally efficient, cost-
efficient, and/or safe, such as to provide further benefit to the
user.
[0502] It will be understood that the present invention has
been described above purely by way of example, and modi-
fications of detail can be made within the scope of the inven-
tion.
[0503] Each feature disclosed in the description, and
(where appropriate) the claims and drawings may be provided
independently or in any appropriate combination.
[0504] Reference numerals appearing in the claims are by
way of illustration only and shall have no limiting effect on
the scope of the claims.
1. A heating element controller for a liquid heating system,
wherein the heating element controller is arranged to:
a) determine the duty cycle of a heating element; and
b) modulate the timepoint of heating initiation by the heat-
ing element in dependence upon an expected duration of
completing the heating process and upon a required time
at which the heating process is to be completed;

wherein said expected duration is determined in depen-
dence on said duty cycle.

2. A heating element controller according to claim 1,
wherein the heating element controller is arranged to measure
the duration of completing the heating process in order to
determine an expected duration.

3. A heating element controller according to claim 1,
wherein the controller comprises a user input, and in which
the required time at which the heating process is to be com-
pleted is a user-input time selection.

4. A heating element according to claim 1, wherein the
controller is arranged to calculate the timepoint of heating
initiation using an algorithm.

5. A heating element controller according to claim 1,
wherein the controller is arranged to monitor at least one of:
energy; current; and voltage; supplied to the heating element
in order to measure the duration of completing the heating
process, the energy supply to the heating element being ther-
mostatically controlled.

6. A heating element controller according to claim 1,
wherein the controller is arranged to determine completion of
the heating process by comparison of the heating element
duty cycle on/off ratio to a predefined threshold ratio.

7. A heating element controller according to claim 1,
wherein the controller is arranged to control the supply of at
least one of: energy; current; and voltage to the heating ele-
ment to maintain the heated condition once the heating pro-
cess is completed; and

wherein the controller is arranged to supply at least one of:

energy; current; and voltage to the heating element at
shorter and more frequent intervals than a pre-deter-
mined or expected thermostat hysteresis cycle.

8. (canceled)

9. A heating element controller according to claim 1,
wherein the controller comprises at least one of: a current
sensor; a sense resistor; a transformer; and a voltage sensor
for monitoring at least one of: the electrical current supplied
to the heating element; the presence or absence of electrical
current supplied to the heating element; the energy supplied
to the heating element; and

wherein the controller comprises at least one of: a relay; a

transistor; a field effect transistor; and a bipolar transis-
tor for initiation of heating.
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10. (canceled)

11. A heating element controller according to claim 1,
wherein the controller further comprises an ambient tempera-
ture sensor, in dependence upon which the controller further
modulates the timepoint of heating initiation.

12. A heating element controller according to claim 1,
wherein the controller is arranged to modulate the timepoint
of heating initiation in dependence upon information con-
cerning the time(s) at which the cost to the user of supplying
energy to the element changes;

wherein the heating element controller arranged to com-

plete the heating, process prior to said required time.

13. (canceled)

14. A heating element controller according to claim 1,
further comprising an indicator arranged to provide an indi-
cation to the user when the heating process is completed.

15. A heating element controller according to claim 1 for
use in a heating system comprising at least two heating ele-
ments, wherein the heating element controller is arranged to
determine to which element at least one of: energy; current;
and voltage is supplied in dependence upon a required quan-
tity of heated liquid;

wherein the required quantity of heated liquid is a user-

input quantity selection.

16. (canceled)

17. A heating element controller according to claim 1,
further comprising means for computing a fouling parameter,
and means for controlling the operation of the heating ele-
ment in dependence upon the fouling parameter.

18-40. (canceled)

41. A system for heating liquids, comprising at least one
heating element associated with a liquid vessel, and a heating
element controller as claimed in claim 1; and a thermostat
arranged to control operation of the heating element.

42. (canceled)

43. A system for heating liquids according to claim 41,
comprising a liquid temperature sensor associated with the
liquid vessel and being arranged to provide an indication of a
temperature of the liquid, the controller being arranged to use
the output of the liquid temperature sensor in calculating the
expected duration of completing the heating process.

44. A system for heating liquids according to claim 41,
further comprising an array of at least two liquid temperature
sensors, each being associated with a respective location on or
in a heating vessel;
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wherein the array of at least two liquid temperature sensors
is floatingly and/or sinkingly tethered to at least one
heating element; and

wherein the array of at least two liquid temperature sensors

is attached to the external wall of the liquid vessel, the
sensors being in thermal contact with said external wall.

45-46. (canceled)

47. A system for heating liquids according to claim 43, the
liquid temperature sensor being at least one of: a thermo-
couple; a thermistor; a resistance temperature detector; and a
diode thermometer.

48. A system for heating liquids according to claim 43,
wherein the liquid temperature sensor comprises means for
determining temperature in dependence on the change in
resistance with temperature of the heating element;

wherein the liquid temperature sensor(s) comprises a resis-

tance temperature detector in the heating element being
arranged to provide an indication of a temperature of the
liquid.

49. (canceled)

50. A system for heating liquids according to claim 44,
wherein the controller is arranged to determine the ther-
mocline of liquid in the vessel in dependence upon the data
provided by the at least two temperature sensors.

51-70. (canceled)

71. A method of controlling a heating element for a liquid
heating system, comprising: determining a heating time
period corresponding to an expected duration of completing
the heating process; determining a required time at which the
heating process is required to be completed; initiating heating
by the heating element at a timepoint which is earlier than the
required time by a time period corresponding to the heating
time period.

72. A method according to claim 71 comprising: initiating
heating by the heating element at a timepoint which is earlier
than the required time by a time period greater than the
heating time period, in dependence upon a time at which the
cost to the user of supplying energy to the element changes.

73. A method according to claim 71 wherein determining
the heating time period corresponding to the expected dura-
tion of completing the heating process comprises determining
the duty cycle of a heating element: and determining said
expected duration in dependence on said duty cycle.

74-78. (canceled)



