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Water heating system

TECHNICAL FIELD

The present invention relates to a water heating system comprising an electrical heating
device for heating water, a batlery, and a battery management system electrically coupled to
the battery for charging the batliery. The present invention further relates o methods for
controlling such water heating systems, and i{o compuler program producis allowing a
computer to carry out such methods.

BACKGROUND

Central heating boilers often use natural gas for heating water on demand when hot water is
needed for domestic activities such as washing, bathing, cooking, or heating. The heat ouiput
of a domestic gas boiler is typically around 20-4C kW, which will usually be sufficient to meet
the instantanecus hot water demand in @ common household. To increase the available supply
of hot water, it is possible to use a well-insulated hot water tank that is heated in times of low

demand and used when hot water is consumed faster than it can be heatad by the boiler.

A clear disadvantage of gas boilers is that they require a continuous supply of natural gas for
which the necessary infrastructure needs to be present. Alternatively, space-occupying
storage tanks can be used that will have to be replaced and/or refilled regularly. Furthermore,
the burning of natural gas, which is a fossil fuel, leads to CO, emissions. In many countries,
therefore, the use of gas boilers is being phased out and replaced by, e.g., heat pumps, solar

thermal panels, and electric boilers which can be powered by renewable energy.

Electric boilers have the advaniage of simple instaliation and connection. For example, an
eleciric boiler can be connected to a supply of mains eleciricity very easily, such as via
connection into a mains electricity socket, and can also be connected o the water supply in a
simple manner. As such, electric bollers are a more practical gas boiler replacement than, for
example, heat pumps or solar thermal panels. An imporiant disadvantage of electric boilers,
certainly when compared to gas boilers, is that their heating capacity is generally limited by
the power available from the domestic mains electricity supply. A iypical domestic siectric
boiler is not capable of delivering more than about 15 kW of heating power, compared to the
20-40 kW delivered by standard gas boilers. The energy required to heat water is a

fundamenial quantity, and temperature rise, flow rate and power are therefore fundamentally
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interrelated. As such, a typical domestic electric boiler cannot provide sufficient heating power
to match the performance of standard gas boilers, i.e. cannot heat water flowing at a
comparable fiow rate to a comparable temperature. Instead, electric boilers typically supply
hot water at a lower temperature because there is insufficient heating power available to heat
all of the water, or at lower flow rate through the boiler such that the slower-flowing water can

be heated to the desired temperature.

Other systems employ a hot water tank o achieve the desired water flow rate at the desired
temperature. However, hot water tanks take up space that may not always be available and
typically lead 1o efficiency losses because no insulation will keep the heated water in the tank
at a constant temperature indefinitely. Furthermore, hot water coming from such water tanks
can often not be delivered at the same high pressure as the water coming directly from the
mains water supply. Furthermore, the time faken for a tank to heat leads {o a lack of flexibility

for the user.

in the German patent appilication published as DE 10 2009 030 888 A1, an eleciric water
heater is disciosed wherein a battery powered heat pump warms water that is stored in a water
tank. The water in the tank can be heated and the batiery can be charged at times when
electricity costs are lower, such as at night if spacial night tariffs apply, or during the day when
electricity from solar panels may be available. The battery is coocled by a cooling jacket filled
with a cooling fluid. This cooling jacket is used to control the temperature of the battery and to
ensure that it can be charged and discharged with optimal efficiency. A heat exchanger is
provided for exchanging heat between the water in the tank and the cooling fluid in the battery
cooling jacket. This makes it possible to use heat produced in the batiery during charging for
warming up the water in the tank, which coniributes to the overall energy efficiency of the
water heater. While the electric water heater of D10 2009 030 999 A1 may alleviate some of
the known problems with elecirically heating water, it leaves many of the above-mentioned
problems unsolved. Most importantly, the heat pump and the large water tank of this heating

system result in a complex setup that requires a lot of space.

It is an aim of the present invention to address one or more disadvantages associated with
the prior arl.

SUMMARY OF THE INVENTION
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According to an aspect of the invention there is provided a water heating system comprising
an electrical heating device for heating water, a batiery, a battery management system, a heat
sink arrangement, and a thermaily insulating shell. The batiery is elecirically coupled 10 the
electrical heating device for powering the electrical heating device. The baitery management
system is electrically coupled to the battery for charging the baitery. The heat sink
arrangement is thermally coupled to the battery and is configured to store and release thermal

energy. The thermally insulating shell encioses the battery and the heat sink arrangement.

in contrast {o the electric water heating systems known so far, the heat sink arrangement
according to the invention is not limited to simply preventing overheating of the battery by
withdrawing heat during the charging process. While known battery cogling arrangements iry
fo withdraw all excess heat as efficiently as possible, the heat sink arrangement according to
the invention absorbs and retains the generated heat, storing it for later use within the same
thermally insulating shell that aiso encioses the battery. Advantageousiy, the heat sink
arrangement according to the invention makes i possible to use the heat generated by the
battery for supplying hot water on demand without reguiring a separate water tank. Further,
the heat sink arrangement reduces fluctuations in batlery temperature, thereby reducing the
risk of damaging the batiery through excessive thermal cycling. The space-saving and energy-
efficient characteristics of the electric water heating sysiem described herein make it very
suitable to be used for replacing existing heat-on-demand gas boilers or for installation in new

buildings, as well as for use in other space-constrained applications.

The battery comprises means for storing electricity. In preferred examples the battery may
comprise one or more cells. For example, the battery may comprise one or more chemical
battery cells.

The battery management system is electrically coupled {o the battery and is configured for
charging the battery. As such, the battery management systermn may be referred {o as a battery
charger, or battery charging apparatus in some exampies. In some exampies the battery
management system may be a separate modular unit provided within the insulating shell and
electrically coupled to the batiery. In other examples the battery management system may be
integrated with the battery.

Preferably, the heat sink arrangement is additionally thermally coupled to the battery
management system and the thermally insulating shell further encloses the batlery

management system. Like the battery, the battery management system may produce heat
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during the charging process. This heat can also be stored in the heat sink arrangement within

the insulating shell for warming water later.

in preferred examples, the water heating system includes an alternating current (AC) to direct
current {DC) power supply for the battery management system. The AC to DC power supply
is configured to be electrically coupled to a source of AC power, such as mains AC power.
The AC to DC power supply may be part of the batlery management system in some
examples, or alternalively the AC to DC power supply may be a separate component
configured to supply power to the battery management system. In either example, the AC to
DC power supply is configured to receive AC electricily, e.g. mains eleclricity, and convert the
AC eleciricity to DC electricity for charging the battery. For example, mains electricity may be
supplied o the battery for charging via the battery management system and/or the AC to DC
power supply. As such, the AC to DC power supply is directly or indirectly electrically coupled
fo the battery. The AC io DC power supply may be configured {o convert the AC mains
electricity to DC electricity having a higher voitage than the RMS of the AC mains electricity,
for example using a power facior correction (PFC) based power supply. More preferably still,
the AC to DC power supply may be configured to converi the AC mains electricity io DC

electricity having a higher voltage than the fully charged voltage of cells within the battery.

The AC to DC power supply for the battery management system is preferably thermally
coupled to the heat sink arrangement. Most preferably, the AC to DC power supply for the
battery management system is situated within the thermally insulating shell, e.g. the thermally
insulating shell encloses the AC to DC power supply for the batiery management system. As
such, heat energy produced by the AC to DC power supply when charging the battery can be
stored by the heat sink arrangement within the thermally insulating shell. Power electronics
for other electrical devices within the insulating shell, such as pumps and/or fans for example,
may also be situated within the thermally insulating shell and in use may also produce heat

which can be stored in the heat sink arrangement within the insulating sheli.

in preferred embodiments, the heat sink arrangement has a heat capacity that is sufficient io
store all heat produced by charging the batiery, without causing the battery damage through
excessive thermal cycling. For example, heat may be produced by the battery management
system, the AC to DC power supply for the baitery management system, the battery itseif and
other electrical components within the insulating shell during battery charging, and this heat
may be stored by the heat sink arrangement. Preferably, the heat capacily of the heat sink

arrangement is greater than the {otal heat produced by charging the batiery. For example, the
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heat capacity of the heat sink arrangement is preferably greater than the total heat produced
by electrical components, such as the batiery management sysiem, the AC to DC power
supply for the battery management system and the batiery, when charging the battery.

The optimal maximum temperature of the baitery and the amount of heat produced during
charging are known or measurable guantities. The heat capacity requirements of the heat sink
arrangement can therefore be calculated. The heat capacity of materials in the heat sink
arrangement is also a known or measurable guantily. As such, the thermal requirements of
the heat sink arrangement can be calculaied, and the heat sink arrangement can be
configured to ensure that the heat sink provides a large enough maximum heat storage

capagcity to avoid causing the baitery damage through excessive thermal cycling.

it is noted that heat will be produced while discharging the battery {co. However, discharging
of the batiery will occur during periods of demand for hot water. When there is a demand for
hot water, the electrical heating device uses the electrical energy stored in the battery 1o heat
the water. Any heat already stored in the heat sink arrangement, as well as any heat generated
in the battery itself while discharging, can be used to preheat the water that goes to the

electrical heating device.

The heat sink arrangement may comprise a heat exchanger configured to facilitale heat
exchange between an inierior of the insulating shell and water flowing to an inlet of the
elecirical heating device. As such, the temperature inside the insulating shell may be

controlled by removing heat from the interior of the insulating shell via the heat exchanger.

The heat sink arrangement preferably comprises a heat sink volume for holding a heat
exchange fluid. The heat sink volume may be configured for holding a heat exchange fluid that
is either a Hguid or a gas. In other words, the system may comprise a heat exchange fluid
within the heat sink volume which may be a liquid or a2 gas. A heat exchange fluid may fadilitale
particularly effective removal of heat from the interior of the insulating shell. Further, a heat
exchange fluid may facilitate flexibility in the way in which heat is removed from inside the
insulated shell.

How the preheating of the water is achieved depends on whether the heat sink volume is an

‘open system’ or a ‘closed system’.
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in an open system, the heat sink volume may be fluidly coupled to an inlet of the electrical
heating device. This allows the heat sink volume 1o be filled with the water to be heated which
increases the heat capacily of the heat sink arrangement. This also allows the water o be
routed through the heat sink arrangement before being led to the electrical heating device. As
such, the water may be pre-heated before being delivered to the electrical heating device for
further heating. In a closed system, water supplied {o the electrical heating device and the
heat sink volume are not fluidly coupled. Instead, the heat sink arrangement may comprise a
heat exchanger for exchanging heat between the heat exchange fluid in the heat sink volume
and water flowing to an inlet of the electrical heating device. In this way the water {0 be heated
by the electrical heating device is still pre-heated by the heat exchanger. In a closed system,

the heat exchange fluid may be water, air, or any other suitable fluid (i.e. liquid or gas).

A pump may be included in either an open system or a closed system to promote circulation
of a fluid in the heat sink volume {0 ensure an even distribution of heat energy during charging
and discharging of the batitery. For example, in an open system a pump may be used to
promote circulation of water through the heat sink volume. In a closed system, a pump may
be provided for promoting circulation of the heat exchange fluid through the heat sink volume
and 1o facilitate rejection of heat from the heat sink volume by further passing through the heat
exchanger. it will be appreciated that in examples wherein the heat exchange fluid is a gas,

the circulation pump may be a fan, for example.

Preferably, the water heating system further comprises a controlier that is operationally
coupled to the batiery management system and/or the electrical heating device. The coniroller
may control the charging process of the battery, for example to ensure that charging cosis are
minimised, or for exampie to ensure that the batiery is fully charged at times of expected high

demand of hot water.

A tempersture sensor may be provided for measuring a temperature inside the thermally

insulating shell.

In some examples, the controller may be operationally coupled to a device configured to
initiate flow within the heat sink volume. Such a device may be a pump (or a fan in exampies
where the heal exchange fluid is a gas) or a release vaive fluidly coupled to the heat sink
volume, for example. The controller is preferably operationally coupled to the temperature
sensor and the device and may be configured to selectively initiate flow within the heat sink

volume {0 reject heat from the heat sink volume in dependence on the temperature inside the
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thermally insulating shell. The initiated flow may, for example, be a flow of heat exchange fluid
out of the heat sink volume, or may be a circulation of the heat exchange fluid within the heat
sink volume to promote heat exchange between the heat exchange fluid and water flowing io
an iniet of the electrical heating device. In either exampie the flow within the heat sink volume

ultimately results in the rejection of heat from the heat sink volums.

The system may further include a release valve fluidly coupled to the heat sink volume and
configured to facilitate the release of heat exchange fluid from the heat sink volume. The
controller which is operationally coupled to the temperature sensor and the release valve is
configured o open the release valve in dependence on the temperature inside the thermally

insulating shell.

in some examples, the release valve fluidly coupled to the heat sink volume may also be fluidly
coupied to an inlet of the electrical heating device and configured o alflow drainage of water
from the heat sink volume inio the inlet of the electrical heating device. When the temperature
inside the thermally insulating sheli rises above the optimal maximum temperature of the
battery at a moment when there is no direct demand for warm water at an outlef, heat may be
released by rejecting the pre-heated water into, e.g., a drain or a fiuid-based room heating

system such as a water-based room heating system.

in some examples, a fluid-based room heating system, such as a central healing system, may
function as an additional heat sink. For example, even withoui actively flowing water through
the central heating system, if the water within the ceniral heating sysiem is in fluid
communication, and therefore also thermally coupled to, the heat sink volume within the
insulating shell, then heat from the ballery can also be conducted to the water in the central
heating system. As such, opening the release vaive {o facilitate fluid communication between
the central heating system and the heat sink volume may increase the heat capacity avaiiabie

for storing heat emitted by the battery and other elecirical components within the shell.

in some examples, the controller may be operationally coupled to the temperature sensor and
the pump cenfigured to circulate the heat exchange fluid within the heat sink volume. The
controlier may therefore be configured to operate the pump in dependence on the temperature
inside the thermally insulating shell. For exampile, if the temperature within the insulating shell
rises above a set threshold, the controller may operaie the pump io circulate the heat
exchange fluid within the heat sink volume {o promote heat exchange from the fluid {o the

water ic be heated, via the heat exchanger in a closed system.
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in some examples the controlier may be operationally coupled to the temperature sensor, a
pump and a release valve. The controller may operate both the pump and the release valve
to motivate heat exchange fluid, in either liquid or gaseous form, out of the heat sink volume

to reject heat from the heat sink volume.

in some examples, a refrigerant loop of a heat pump may be arranged within the insulating
shell, or may be thermally coupled to the inside of the insulated shell. As such, heat emitted
from the batiery and other components within the shell may be rejected to the heat pump

refrigerant ioop.

in some embodiments, the water heating system may further comprise a secondary heating
device. The secondary heating device is preferably configured to be powered by mains
electricity. The secondary heating device may therefore be referred to as a secondary
electrical heating device. Optionally, the secondary heating device may comprise a heat pump

arrangement.

in some exampies, the water heating system may be configured such that water {0 be heated
by the secondary heating device is pre-heated by heat from inside the thermally insulating
shell. In an open system the heat sink volume may therefore be fluidly coupled to an inlet of
the secondary heating device. In a ciosed sysiem, a heatl exchanger may be configured to
exchange heat between the heat exchange fluid in the heat sink volume and water flowing to

an inlet of the secondary heating device.

In exampiles including an electrical heating device and a secondary heating device, there is a
possibility to use either the (primary) electrical heating device, the secondary heating device,
or both, depending on the circumstances. When the two heating devices are connecied in
series, the selection of which heating device to use may, for example, depend on the
temperature increase that is desired, or the relative costs of operating one or the other. In
some examples, the primary electrical heating device and the secondary heating device may
be provided on parallel fluid flow paths. When the (primary) electrical heating device and the
secondary heating device are provided on parailel fluid flow paths, using both simuitaneously
will allow for a higher throughput, i.e. a higher hot water flow rate, and therefore higher water
pressure at the outlet for the given flow rate. Selecting which of the two to use may thus aiso

depend on the demand for hot waler.
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A controliable valve arrangement may be provided for controlling the fluid flow rate in each of
the paralle! fluid flow paths. For example, the controllable vaive arrangement may comprise a
first valve to control fluid flow rate in the fluid flow path comprising the (primary) electrical
heating device, and a second valve io control the fluid flow rate in the second fluid flow path
comprising the secondary heating device. Preferably, the first valve may be arranged
downstream of the heat sink volume. This ensures that the heat sink volume may remain filled
with waier even with the first valve ciosed t¢ halt fluid flow in the first fluid flow path. As
previously described, the water in the heat sink volume adds o the heal capacity within the
insulating shell. In some exampiles, the first valve may act as the previously-described release
valve configured to be operated to control the temperature within the insulaling shell.

Preferably, the second valve may be arranged downstream of the secondary heating device.

Providing the (primary) electrical heating device and secondary heating device on separate,
paralle! fiuid flow paths advantageously minimises the resisiance effect experienced by the
water to be heated. For exampie, the primary and secondary heating devices each provide a
resistance 1o water flow. By arranging the heating devices on parallel fluid fiow paths, the
resistance provided by a given heating device is only encountered when that heating device
is in use, i.e. when water is flowed through that fluid flow path. Such an arrangement provides
an advantage over a system comprising heating devices arranged in series wherein water
flows through, and is resisted by, multiple heating devices even if such heating devices are

not actively heating the water.

Optionally, the heat sink arrangement includes a phase change material. Phase change
materials are very suitable for storing large amounts of thermal energy in a relatively small
volume and can do so while limiting the temperature fluctuations inside the thermally insulating
shell. For example, the heat sink arrangement may comprise a sodium sulphate or paraffin-

based phase change material.

in an exemplary embodiment, the battery comprises multiple modules, i.e. battery modules,
each containing one or more individual cells. The modules are preferably formed of a material
having a high thermal conductivity, such as aluminium, to efficiently transfer heat energy from
the celis to the rest of the heat sink arrangement. The heat sink arrangement may comprise a
frame with multiple compartmeanis or fixings, each compartment or fixing arranged for holding
one or more of the battery modules, all of which adds {o the heat capacity of the heat sink as

a whole within the insulating shell.
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The heat sink volume may comprise heat exchange fluid channeis that pass between
respective battery modules. In some examples, the heat exchange fluid channels may pass
through respeciive battery modules. With such a modular setup, the size and heating capacity
of the system can easily be adapied to the needs and circumstances. i further allows for easy
replacement of individual modules in the event of technical failure and makes it more practical
to route the fiuid channels of the heat sink volume through the battery structure and to make

a large surface area available for heat transfer.

in some examples, one or more heat exchange fluid channels may be defined by conduits in
the frame. For example, such conduils may be formed as an integral part of the frame. As
such, the frame may perform multiple functions, including holding the batiery modules, routing
the heat exchange fluid around the battery modules, and conducting heat between the batlery
modules and the heat exchange fluid, all whilst itself also adding to the total heat capacity of
the heat sink arrangement within the insulating shell. The frame may also comprise one or
more compartmenis configured to retain a phase change material. In some exampies,
individual modules may comprise one or more compartments configured {o retain g phase

change material.

Housing the baitery within the thermally insulating shell adds to the heat capacity within the
insulating shell, such that the structure of the battery itseif adds o the heat capacity {0 help
store the heat rejecied by the cells during charging, even when the heat exchange fiuid is not
flowing within the heat sink volume. In such an instance, in conirast toc examples in the prior
art, the cells are not necessarily actively cooled. Instead, the heat sink arrangement within the
insulating shell is configured to provide a sufficient heat capacity to ensure that the celis do
not overheat or become damaged by excessive thermal cycling as a result of the prediclable
amount of thermal energy emitied during charging. Including the frame within the insulating

shell adds further heat capacity within the insulating shell.

Providing the heat sink arrangement thermally coupled 1o the battery within the insulating shell
heips to reduce fluctuations in the battery temperature. Reducing temperature fluctuations
increases the longevity of the cells. In preferred examples, the temperature within the
insulating sheli may be maintained at between 0°C and 85°C, more preferably between 20°C
and 40°C. To provide active coniroi of the temperature within the insulating sheli, the controller
may operate the release valve and/or circulation pump and/or control charging of the battery

as previcusly described.
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The battery modules, i.e. cells, may be actively cooled by circulating or flowing heat exchange
fluid through the heat sink volume. Such motivation of the heat exchange fluid may be
achieved using a pump in an open system or a closed system as previcusly described. in
some examples, the batiery modules may be aclively cooled by flowing water to be heated by
the elecirical heating device through the heat sink volume, e.g. in an open sysiem. For
example, heat may be discharged from inside the insulating shell, and the battery modules
may therefore be actively cooled, when hot water is demanded, for exampie by turning on a

tap or other outlet downstream of the heat sink volume.

The water heating system may further comprise a battery heating device that is enclosed in
the thermally insulating shell. This batiery heating device can be used to ensure that the
battery temperature remains within an optimal range for high energy efficiency and low batiery
wear. In some examples, the system may comprise a return conduit configured 1o pipe heated
water from downstream of the primary and/or secondary heating devices back into the heat
sink volume within the insulating shell to warm the batiery. The return conduit may comprise
a controllable valve such that the temperature within the insulating shell, and therefore the

temperature of the battery, can be actively managed by opening and closing the valve.

In some examples, the water heating system may comprise an ouier casing. In preferred
examples, the thermally insulating shell which encloses the battery and the heat sink
arrangement, may be housed within the outer casing. Further, the batiery management
system may be housed within the same outer casing. in even more preferred exampies, the
outer casing may further house the previously-described heat exchanger. Most preferably, the
cuter casing may additionally house at least one of an electrical heating device and a
secondary heating device. Optionally a controllable valve arrangement may also be situated

within the outer casing.

According to other aspecis of the invention, control methods are provided for coniroliing the
above-described water heating system. For example, a conirol method may be used for
controliing the fluid flow rate in each available paraliel fluid flow path in dependence on atleast
one of a current demand for heated water, a charging status of the battery, a temperature
inside the thermally insulating shell, and a current price of mains electricity. Other control
methods may conirol charging of the battery in dependence on at ieast one of, a charging
status of the batlery, a temperature inside the thermally insulating shell, a predicted cost of
charging the battery, a current price of mains electricity, and a predicted demand for heated

water.
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BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described by way of example with reference to the

accompanying drawings, in which:

Figure 1 schematically shows a water heating system according to an embodiment of the

invention;

Figure 2 schematically shows a battery of the water heating system enclosed in a thermally

insulating shell;

Figure 3 shows a schematic representation of an inlet and an outlet of a heat sink volume of

a water heating system with an open heat fransfer configuration;

Figure 4 shows a schemaltic represeniation of a heat exchanger arranged to transfer heat
energy between the heat sink volume and the water supply in a system having a closed loop

heat sink volume;

Figure 5 shows a perspective view of a batiery frame with battery modules and a heat sink

arrangement suitable for use in the water heating system of claim 1,

Figure 6 shows a close-up view of a portion of the battery frame of Figure 5; and

Figure 7 shows a cross section of a battery frame suitable for use in the water heating system

of claim 1.

DETAILED DESCRIPTION

Figure 1 shows a schematic diagram of a waler heating system 10 in accordance with an
example of the invention. The water heating system 10 comprises a water inlet 12 configured
to receive waler from a water supply, such as a mains water supply or a waler tank (not
shown). The system 10 also includes an electrical heating device 14 for heating the water that
enters the system 10 via the water inlet 12. The electrical heating device 14 may be an
electrical resistive heating element for example. The electrical heating device 14 is electrically

coupied to a batiery 16 such that the batiery 16 can power the electrical heating device 14.
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in preferred examples the electrical heating device 14 may be powered by direct current (DC)
power supplied by the battery 16. In other examples, the electrical heating device 14 may be
an alternating current (AC) heating device 14, and the systern 10 may further include s DC i
AC converter (not shown) through which direct current power from the battery 16 may be

converted o allernating current power for powering the heating device 14.

As shown in Figure 1, the water heating system 10 further includes a battery management
systemn 18 electrically coupled to the battery 18 to enable charging of the batiery 16, i.e. the
battery management system 18 is configured to charge the battery 16. The battery
management system 18 is preferably connected to the mains electricity 20 {0 receive electrical
power for charging the battery 16. Whilst not shown in the figures, in some examples, the
water heating system 10 may aisc include an AC to DC power supply for the battery
management system 18, which is configured to receive AC electricity from the mains supply

20, and convert this to DC electricity for charging the batiery 16.

As shown schematically in Figure 1, the system 10 also includes a controller 22 that is
operationally coupled to the battery management system 18 to control charging of the battery
16. For example, the controlier 22 may control charging of the battery 16 in dependence on at
least one of, a charging status of the batlery 16, a predicted cost of charging the battery 16, &
current price of mains electricity, and a predicted demand for heated water. As such, the
controlier 22 may control the fiming of charging the battery 16. In some examples, the
controlier 22 may be configured 1o receive a user input to directly command charging the
battery 16. in some examples the controller 22 is aiso coupled to the electrical heating device

14 io control operation of the heating device 14 in use.

in some examples, the heating device 14 may be electrically coupled {0 the mains electricity
20 such that the heating device 14 may be powerad by the mains electricity 20 in addition io
power provided by the batiery 18, In such examples, the system 10 may further comprise an
AC to DC converter (not shown) such as a rectifier o rectify the AC mains electricity 20 o
provide DC power 1o the heating device 14. Whilst not shown in the accompanying figures, in
some examples the system 10 may therefore include a heating device 14 powered by both
the battery 18 and the mains electricity 20. In such an example the heating device 14 may be
powered primarily by the battery 16, with supplementary power provided by the mains
electricity 20. Alternatively, the heating device 14 may be powered primarily by the mains
electricity 20, and the battery 16 may provide supplementary power to achieve a heating
performance comparabile to that of a conventional gas boiler.
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Notably, the water heating system 10 includes a heat sink arrangement 24 that is specifically
configured to store heat emitted from the batiery 16 and other electrical components, and
which therefore helps to regulate the temperature of the battery 16. As such, the heat sink
arrangement 24 is thermaily coupled to the battery 16 1o facilitate the transfer of heat energy
from the battery 16 to the heat sink arrangsment 24. In preferred examples, the heat sink
arrangement 24 is also thermally coupled to the battery management system 18 to receive
heat from the baitery managemesnt system 18. Similarly, in examples wherein the water
heating system 10 includes an AC to DC power supply for the battery management sysiem
18, such an AC to DC power supply is preferably also thermally coupled {o the heat sink
arrangement 24 such that the heat sink arrangement 24 may receive and siore heat energy

emitted by the AC to DC power supply during charging of the baitery 16.

The heat sink arrangement 24 will be described in more detail later with reference o Figures
5, 6 and particularly the cross-sectional view of Figure 7. However, by way of an inilial
overview, the heat sink arrangement 24 is configured with a heat capacity that is sufficient to
store all of the heat produced by charging the battery 16 without causing the battery 18

damage through excessive thermal cycling.

Referring stili 1o Figure 1, but with reference additionally 1o Figure 2, the battery 16 and the
heat sink arrangement 24 of the water heating system 10 are enclosed in a thermally insulating
shell 26. In preferred examples the thermally insulating shell 26 also encloses the battery
management system 18 as shown in Figure 2. in examples including an AC to DC power
supply for the battery management system 18, such a power supply is preferably also
enclosed within the thermally insulating shell 26. The thermally insulating shell 26 ensures that
heat produced by the baitery 18 and other elecirical components within the shell, and which
is transferred to the heat sink arrangement 24, is retained in the heat sink arrangement 24,

i.e. not wasted or immediately rejected.

The water heating system 10 therefore advaniagecusly facilitates effective use of the heat
produced by the battery 16 to improve the overall efficiency and longevity of the water heating
system 10 as will be described later in more detail. In particular, retaining the heat produced
by the battery 16 enables pre-heating water before such water is delivered to the electrical
heating device 14 as shown schematically in Figure 1. Retaining the heat may also help to
mainiain the temperature of the battery 16 within an optimum operating range. Maximising the
performance of the insulating shell 26, i.e. increasing the thermal resistance of the shell 26,
increases the efficiency of the water heating system 10 by minimising the heat lost as a result

of charging and discharging the batiery 18. In some examples the insulating shell 26 is
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therefore configured fo retain 70%, preferably at least 80%, or more preferably at least 90%,
of the heat energy generated by charging and discharging the batiery 16, in the heat sink
arrangement 24 within the shell 26. For example the thermal performance of the shell 28 may

be comparable to that of an insulated hot water tank.

in preferred examples, the waler heating system 10 additionally includes a secondary heating
device 28 as shown in the schematic diagram of Figure 1. The secondary heating device 28
is preferably configured to be powered by mains electricity 20, and may for example comprise
an electrical resistive heating element. The inclusion of a secondary heating device 28
facilitates an increased {otal heating power output, such that the heating power of the electrical
water heating system 10 may be comparable io the heating power of a typical gas-powered
boiler when both of the heating devices 14, 28, powered respectively by the battery 16 and

mains 20, are used to heat water.

As shown in Figure 1, in particularly preferred examples, the electrical heating device 14 and
the secondary heating device 28 are provided on paraliel fluid flow paths 30a, 30b. For
example, the electrical heating device 14 may be arranged on a first fluid flow path 30a, and
the secondary heating device 28 may be arranged on a second fluid flow path 30b. The water
heating system 10 may include a controllable valve arrangement 32 for controliing a fluid flow
rate in each of the paraliel fluid fiow paths 30a, 30b. For example, the system 10 may comprise
a first controflable vabve 34a arranged on the first fluid flow path 303, and a second controliable

valve 34b arranged on the second fluid flow path 30b.

The controller 22 is preferably operationally coupled o the controllable valve arrangement 32
By opening and closing the first and second controliable valves 34a, 34b it is therefore possible
to control the proportion of the water from the water infet 12 that flows through each heating
device 14, 28. The fluid fiow rate in each of the parallel fluid flow paths 30a, 30b may be
controlied in dependence on at least one of a current demand for heated water, a charging
status of the batlery 18, a temperature inside the thermally insulating shell 26, and & current

price of mains electricity 20.

Referring still to Figures 1 and 2, but as most clearly shown in Figure 7, the heat sink
arrangement 24 preferably comprises a heat sink volume 38 for holding a heat exchange fluid
38. Heat produced by the battery 16 and the battery management system 18 is transferred {o
the heat exchange fluid 38 in the heat sink volume 36. Providing a heat exchange fiuid 38 in
the heat sink volume 36 increases the heat capacity within the insulating shell 26. Accordingly,

heat energy emitted from the batiery 16, battery management system 18, and other electrical
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components within the shell, may be stored in the heat exchange fluid 38 within the insulating
shell 26. The heat exchange fluid 38 helps to enable conirol of the temperature within the
insuiating shell 26, and facilitates a plurality of options for removing heat from inside the

insulating sheli 26 as will be described in more detail later.

Referring additionally to Figure 3, but with continued reference to Figure 1, in some examples
the water heating system 10 may be configured as an open system. In an open system
configuration, the heat sink volume 36 is fluidly coupled {0 an inlet 40 of the electrical heating
device 14. In other words, the heat sink volume 36 is in fluid communication with the inlet 40
of the electrical heating device 14 such that fluid 38 from the heat sink volume 36 is delivered
to the electrical heating device 14 for subsequent additional heating. Preferably, in an open
systemn the heat exchange fluid 38 in the heat sink volume 36 may therefore be water that is

introduced to the water heating system 10 via the main water inlet 12

in an open system the water flows from the water inlet 12, through the heat sink volume 38
and is then delivered to the electrical heating device 14, for example via the first fiuid flow path
30a. In such a configuration, water is pre-heated by the heat emitted from the battery 16,
battery management system 18 and other electrical components housed in the insulating sheli
28 hefore being heated further by the elecirical heating device 14. Such a configuration
provides an energy efficient water heating system 10 because surplus heat is transferred
directly from the battery 16, battery management system 18, and other electrical components
such as an AC to DC power supply, to the water to be heated. As such, energy input into the
water heating system 10 is used either directly or indirectly for heating water, and is therefore

not wasted.

An inlet 42 and an outlet 44 of the heat sink volume 38 in an open system are shown
schematically in Figure 3. in this example, all of the waler conveyed via the first fluid flow path
30a flows through the heat sink volume 36 first, before arriving at the electrical heating device
14. However, in some other examples the system 10 may be configured such that a portion of
the water flowing in the first fluid flow path 30a is diveried to flow through the heat sink volume
36, whilst the remaining water in the first fluid flow path 30a bypasses the heat sink volume

36 and is delivered directly o the electrical heating device 14.

in some examples the water heating system 10 may comprise a release valve (not shown)
fluidiy coupled io the heat sink volume 36. In some exampies the release valve may be
configured to allow drainage of heat exchange fluid 38, such as waler, from the heat sink

volume 36. For exampie water may be released into the first fluid flow path 30a. Whilst not
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shown in Figure 3, the system 10 may also include a femperature sensor configured 1o
measure the femperature inside the thermally insulating shell 26. The controller 22 is
preferably operationally coupled to the temperature sensor and the release valve so that the
release valve may be operated in dependence on the itemperature inside the thermally
insulating shell 26. In some examples, the previously-described first controliable valve 34a
may perform the same function as the release valve, i.e. the first controllable valve 34a may
be opened or closed dependent on the temperature within the thermaily insulating shell 26.
The valve 34a may be operated independently from the electrical heating device 14, i.e. the
valve 34a may be operated regardless of whether the electrical heating device 14 is operating
to heat the water. As such, in some exampies, the temperature inside the insulating shell 26
may be controlied by allowing or blocking the flow of water through the heat sink volume 38
by opening or closing the controliable valve 34a to allow or block the rejection of heat from the

heat sink volume 36.

A closed sysiem is configured such that heat is removed from the interior of the insulaling
shell 26 via a heat exchanger 48. Figure 4 shows an example of a portion of a closed system
at an inlerface between the heat sink volume 36 and a fluid flow path 30a. This configuration
may be described as a closed system because the heat sink volume 36 is not in fluid
communication with the first or second fluid flow path 30a, 30b. The heat exchanger 48
facilitates a transfer of heat energy from inside the insulating shell 26 o water flowing to an
infet 40 of the electrical healing device 14. The heat exchanger 48 is therefore preferably
arranged upstream of the electrical heating device 14. As such, water delivered to the
electrical heating device 14 may be pre-heated by the heat exchanger 48 using heat from

within the insulating shell 26,

in a closed system, a separate heat exchange fluid 38 is circulated within the heat sink volume
36 to receive heat energy emiited by the battery 16. The heat exchanger 48 is preferably
configured to transfer heat from the heat exchange fluid 38 to water flowing 1o an inlet 40 of
the electrical heating device 14. In some examples the heat exchange fluid 38 in the heat sink
volume 36 of a closed system may be water. However, a closed system also facilitates the
use of other heat exchange fluids 38, because in such a system, the heat exchange fluid 38
is not fluidly coupied to an outlet at which heated water is delivered o a consumer. Therefore,
the heat exchange fluid 38 does not need i be safe for human consumption, and may include

advantageous additives, such as an anti-corrosion agent for example.

The heat sink volume 38 may be a complex configuration comprising a plurality of heat

exchange fluid channels 50 (as shown in Figures 6 an d 7 for example). It may therefore be
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advantageous 1o configure the heat sink volume 36 as a closed system to allow close control
ofthe fluid 38 within the heat sink volume 36. For example, mains water may comprise different
natural minerals that could leave deposits, such as limescale, on surfaces over which such
water fiows over time. A closed system heat sink volume 36 means that specific chemical
agents can be iniroduced into the heat sink volume 36 to ensure that heat exchange fluid
channels 50 do not become damaged, restricted or blocked by such deposits. Finally, in some
examples, water flowed over and around the battery 16 and other materials within the
insulating shell 26 may not be suitable or safe for human consumption, and providing the heat
sink volume 36 as a closed system therefore avoids any potential contamination of the water

supplied to a consumer at an outlet.

A dlosed system may include a pump {(not shown) for circulating the heat exchange fluid 38
through the heat sink volume 36. A closed system may also include g temperaiure sensor {not
shown) inside the thermally insulating shell 26. The coniroller 22 may be operationally coupled
to the temperature sensor and the pump, and the controller 22 may operate the circulation
pump in dependence on the temperature inside the insulating shell 26 to promote rejection of
heat from the heat exchange fluid 38 io the incoming cold water flow in a fluid flow path 30s,

30b via the heat exchanger 48.

in other examples, a closed systern may additionally inciude a release valve {(not shown). The
release valve may be fiuidly coupled to the heat sink volume 36. The controlier 22 may be
operationally coupled to such a release valve such that the release valve may be operated in
dependence on the temperature inside the insulating shell 26. For example, a gaseous heat
exchange fluid 38, such as air, in the heat sink volume 38 may be released direcily into the
environment outside the insulating shell 26 {0 manage the temperature inside the insulating
shell 26. Alternatively, a liquid heat exchange fluid 38 may be released from the heat sink
volume 36 via the release valve into a drain, for exampie, to conirol the temperature within the

insulating shell 26.

in some examples of a closed system, the release valve may be fluidly coupled to a fluid-
based heatling system, such as a waier-based ceniral healing system, such that, through
operation of the release valve, heat may be rejected from the heat sink volume 36 to the fluid
in the heating system. Such rejection of heat may be facilitated simply by fluidly and thermally
coupling the heat sink volume 36 with the heatling system by opening the release vaive, without
necessarily requiring the heating system {o be actively flowing heat exchange fluid 38 through
the heat sink volume 38. Providing fluid communication between the heat sink volume 36 and
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a water-based heating system may increase the heat capacity available for storing heat
emitted by the batiery 16.

Whilst not shown in the accompanying figures, in some examples the system 10 may also
include a battery heating device that is enclosed in the thermally insulating shell 26. The
baitery heating device may be operationally coupled to the controller 22 such that the
controlier 22 can, when required, increase the temperature within the insulating shelf 26 by
operating the battery heating device {0 ensure that the temperature of the batlery 16 remains
within an optimum operating range.

The baitery 16 and other components of the water heating system 10 arranged within the
thermally insulating shell 26 will now be described in more detail with reference to the
remaining figures. The following description is equally applicabie to the open system and the
closed system that have been described previously. For ease of reference, the fluid 38 in the
heat sink volume 36 is referred 1o herein as a heat exchange fluid 38 because heat is
transferred, i.e. exchanged, from the battery 16 io the heat exchange fiuid 38. It will be
appreciated that in an open system the heat exchange fluid 38 is the water to be heated using
the heating device 14, and in a closed system the heat exchange fluid 38 is a separate fluid
to the water that is 1o be heated using the heating device 14.

With reference {o Figures 5, 6 and 7, the battery 16 preferably comprises multiple baitery
modules 52. For example the battery modules 52 may each include one or more baitery celis
54, such as chemical battery cells 54 for example. The batiery modules 52 may be electrically
connected to one another in series to provide a high current to the electrical heating device
14. Alternatively, the batiery modules 52 may be electrically connecied to one another in
paraliel such that high voliage power is provided 1o the electrical heating device 14. In some
other examples the electrical connections between the battery modules 52 may be selectively
reconfigurable to facilitate active control of the current and voltage provided to the electrical
heating device 14.

The heat sink arrangement 24 includes a frame 56 that has multiple compartments or fixings
which are arranged for holding one or more of the batiery modules 52. it will be appreciated
that, being part of the battery structure, the frame 586 is also housed inside the insulating sheli
26 {as shown in Figure 2 for example). Therefore, the frame 56 provides additional heat
capacity for storing heat energy emitted by the batiery 16 and other electrical components

within the sheli 26. in some examples, and as shown most clearly in Figure 7, the heat sink
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arrangement 24 within the insulating shell 26 may include a phase change material 60, and

the phase change material 60 may be coniained by the frame 586.

With reference again more particularly to the cross-sectional view of an example in Figure 7,
the heat sink volume 36 comprises heat exchange fluid channels 50 that pass between or
through respective battery modules 52. This configuration provides the heat sink volume 38
with a high surface area via which heat can be fransferred o the heat exchange fluid 38. For
reference, heat exchange fluid channels 50 of the heat sink volume 36 are also shown in the
examples in Figures 5 and 8.

The advantages of the electric water heating system 10 of the present invention will now be
described by way of a numerical example. However, it should be noted that the nurmerical
values used by way of example are provided as an example only and are not intended {o limit

the scope of the invention defined in the appended claims.

For the purpose of demonstration, the following example assumes g charge efficiency of 80%
and a batiery capacity of 10 kVWh. To charge the batiery 16, the batiery 16, i.e. the batltery
cells 54, and battery management system 18 combined will reject (10/0.9)-18 = 1.11 KWh of

heat energy. This is heat energy which, unless siored, would go {o waste.

in this example each cell 54 has a mass of 0.85 kg, a nominal voltage of 3.2 V, a capacity of
30 Ah, and provides an energy storage of 86 Wh. The specific heat capacity of such a ceil 54
depends on the cell’'s precise construction however, it would typically be in the region of 0.8
1.7 klikgK. For the purpose of this example, each cell 54 has a specific heat capacity of
1 kJikgK.

A battery 16 having a capacity 10 kWh may be formed of one hundred and four of the
previously defined cells 54 (10 kwh / 96 Wh = ~104 cells). Therefore the heat capacity of the
cells 54 in this battery 16 in this example is 104 x 1 kJ/kgK x 0.65 kg = 67.6 kd/K. 67.6 kd of
heat energy are therefore required to heat all the cells 54 by 1K (= 1°C). 1.11 kWh of heat
energy is emitied by the battery 16 and battery management sysiem 18 which is approximately
4 MJ, and 4 MJ / 67 6kJ provides a temperature increase of 58°C.

Whilst the battery temperature increase may lechnically be within the specified range for the
cells 54, thermal cycling in this range over a period of many years is likely {o degrade battery
health and/or performance. As previously described, the water heating system 10 of the
present invention therefore additionally includes a heat sink arrangement 24 within the

insulating shell 28 to increase the heat capacity within the shell 26. The heat sink arrangement
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24 within the insulating shell 26 includes the frame 56 for storing or mounting the battery
modules 52 to hold them in position. For the purpose of this example, the frame 58 may be

made from cast aluminium.

A numerical example will now be described to demonstrate the thermal performance of the
heat sink arrangement 24 within the insulating shell 28. For the purpose of the example, the
frame 56 is configured o hold twelve of the previousiy-described celis 54 (for example, see
Figure 6). It will be appreciated that any calculation can be conducted with an arbitrary number
of cells as long as respective numbers are observed. In doing so, temperature change can be

directly compared.

Proceeding with the example shown in Figure 6, twelve cells 54 have a combined heat
capacity of 12 x 1 kd/kgK x 0.65kg = 7.8 kd/K. The twelve cells 54 used in this example have
a storage capacity of 12 x 98 Wh = 1.152 kVvh. The heat energy emitted during charging at
90% efficiency is = (1.152/0.9) - 1.512 = 0.128 kWh which is = 460.8 kJ. The temperature
increase experienced by the celis as a result of the heat emitied during charging, without use
of a heat sink 24 within the shell 26, would therefore be 480.8 kd / 7.8 kJ/K = 59°C in this
example.

However, as previously described, providing a heat sink arrangement 24 within the thermally
insulating shell advantageously reduces the temperature fluctuations experienced by the celis
54 of the batiery 18. The frame 56 inside the insulating shell 26 is part of the heat sink 24 in
this example. For the purpose of this example, the frame 56 may be assumed o have a mass
of 2.5 kg, and the specific heat capacity of aluminium is 0.96 kJ/kgk. The heat capacity of the
frame 56 may therefore be calculated as 2.5 kg x 0.96 kJ/kgK = 2.4 kJ/K. it follows that the
total heat capacity of the frame 56 and the cells 54 within the insulating shell 28 in this example
i5 7.8 kd/K + 2.4 kJ/K = 10.2kJ/K.

As previously described, the twelve cells 54 in this example have a storage capacity of 1.152
kWWh, and the heat energy emitted during charging ai 90% efficiency is 460.8 kd. The total
temperature increase within the insulating shell 26 as a result of charging can therefore be
calculated as 460.8 kd / 10.2 kd/K = 45°C. Providing a heat sink arrangement 24 that includes
the frame 56 therefore reduces the temperature increase experienced by the cells 54 within

the insulating shell 26 during charging.

The heat capacity within the shell 26 is further increased by including heat exchange fluid 38
in the heat sink volume 38 within the insulating shell 28. For the purpose of this example the

heat exchange fluid 38 is water. The heat sink volume 36, i.e. including the heat exchange
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fluid channels 50, may have a volume of 0.466 litres in this example. The heat exchange fluid
38 (water) in the heat sink volume 36 therefore has a mass of 0.466 kg, and the specific heat
capacity of water is 4.2 kJ/kgK. Accordingly, the heat exchange fluid 38 in the heat sink volume
36 provides an additional heat capacity of 1.957 kJ/K (from 4.2 klkgK x 0.466 kg =
1.8957 kJ/K).

The total heat capacity within the insulating shell 26, including the cells 54, the frame 56 and
the heat exchange fluid 38, is therefore 7.8 kd/K + 2.4 kd/K + 1.96 kdJ/K =12.16 kJ/K. The total
heat emiited during charging at 80% efficiency is 460.8kJ. The {otal temperature increase
experienced by the cells 54 within the insuiating shell 26 is therefore 460.8kd / 12.16 kJ/K =
37.9°C increase in temperature. Evidently, the heat exchange fluid 38 within the heat sink

volume 36 therefore further reduces the temperature increase.

As previously described, in some examples the water heating sysiem 10 may additionally
include a phase change material 80, such as sodium sulphate, within the insulating shell 26,
For the purpose of this example the phase change material 60 is sodium sulphate which has
a melting point of 32.4°C and a heat of fusion of 252 kJ/kg. Accordingly, 252k of energy are
required to melt 1kg of sodium sulphate, and this will ocour at 32.4°C.

in preferred examples, the waler heating system 10 is configured such that the melting point
of the phase change material 60 is within the range of temperatures experienced inside the
insulating shell 26 when charging and discharging the batiery 18. As such, the change in
temperature will pause for the duration of time taken to melt {(or freeze) a given volume of the

phase change material 60.

Referring again to the present example, three of the nine heat exchange fluid channels 50 in
the frame 56 shown by way of example in Figure 6 may be filled with sodium sulphate 60. That
is to say the sodium sulphate, i.e. phase change material 80, may be housed in the heat sink

arrangement 24 in a compariment provided by the frame 56.

The energy reguired to melt this volume of phase change material 60 can be subtracted from
the energy available to increase the temperature {(or added to the energy rejected when
cooling}. In this example the heat exchange fluid channeis 50 filled with heat exchange fluid
38 now have a volume of 0.311 litres, and the system 10 therefore comprises water with a
mass of 0.311 kg in the heat sink volume 36. The specific heat capacity of water is 4.2 kd/kgK
so the heat capacity added by including the heat exchange fiuid 38 within the insulating sheli
28is 4.2 x 0.311 = 1,308 kJ/K. In this example, having reduced the amount of heat exchange
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fluid 38, the total heat capacity within the insulating shell 28 is therefore 7.8 kd/K + 2.4 kJ/K +
1.31 kd/K = 11.51kJIK.

However, the mass of sodium sulphate 60 contained within the three channels is 0.414 kg,
and the energy required to melt this mass of sodium sulphate is = 0.414 kg x 252 kJ/kg = 93
kd. The heat emitted during changing at 90% efficiency 460.8 kJ. Removing the heat absorbed
by melting the phase change material 60 leaves 480.8 kd — 93 kJ = 387.8 kJ. The totai
increase in temperature experienced by the celis 54 in a system 10 including phase change
material 60 within the insulating shell 26 in this example is 367.8 kJ / 11.51 kd/K = 32.0°C,
The above calculation does not take the specific heat capacity of solid and liquid sodium
sulphate into account, and in reaglity the temperature increase is in fact even less severe. In
summary, the inciusion of phase change material 60 within the sheli 26 therefore further
reduces the increase in iemperature experienced by the cells 54 which increases their

fongevity as previously described.

The invention described herein and defined in the appended claims advantageously stores
heat emitted by the battery 16 during charging and utilises it to enable more efficient water
heating and increase battery longevity. increasing the efficiency of a system typically resulis
in an increase in materials and manufacturing costs. However, the water heating system 10
of the present invention facilitates an increased system efficiency without increasing cost. For
example, less efficient cells 54 with higher internal resistance resulting in a greater heat output
can be used because the emilted heat is recaptured in the heat sink arrangement 24 for later
use. Use of such cells 54 is likely to carry a cost advantage. Similarly the electronics in the
batiery management system 18 can be deliberately designed to be less optimal, and therefore

cheaper, because the heat energy emitted is captured and stored for later use.

it will be appreciated that any features described in relation to the various examples above
may be readily combined with any other features described with reference io different
exampies withoui depariing from the scope of the invention as defined in the appended claims.
Further, it will be appreciated that the above description and accompanying figures are
provided merely as an example. Many alternatives io the specific examples provided above
are therefore possible without departing from the scope of the invention as defined in the

appended claims.
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CLAIMS

1. A water heating system comprising:

- an electrical heating device for heating water,

- a battery electrically coupled to the electrical heating device for powering the electrical
heating device,

- a battery management system electrically coupled to the battery for charging the
battery,

- a heat sink arrangement thermally coupled to the battery and configured to store and
release thermal energy, and

- a thermally insulating shell enclosing the battery and the heat sink arrangement.

2. A water heating system according to claim 1, wherein the heat sink arrangement has
a heat capacity that is sufficient to store all heat produced by charging the battery, without
causing the battery damage through excessive thermal cycling.

3. A water heating system according to claim 1 or 2, wherein the heat sink arrangement
is thermally coupled to the battery management system, and wherein the thermally insulating

shell further encloses the battery management system.

4, A water heating system according to any preceding claim, wherein the heat sink
arrangement comprises a heat exchanger configured to facilitate heat exchange between an

interior of the insulating shell and water flowing to an inlet of the electrical heating device.

5. A water heating system according to any preceding claim, wherein the heat sink

arrangement comprises a heat sink volume for holding a heat exchange fluid.

6. A water heating system according to claim 5, wherein the heat sink volume is fluidly

coupled to an inlet of the electrical heating device.

7. A water heating system according to claim 5 or 6, wherein the heat sink arrangement
comprises a heat exchanger for exchanging heat between a heat exchange fluid in the heat

sink volume and water flowing to an inlet of the electrical heating device.

8. A water heating system according to claim 7, further comprising a pump for circulating

the heat exchange fluid through the heat sink volume.



10

15

20

25

30

35

25

9. A water heating system according to any of claims 5 to 8, further comprising a controller
operationally coupled to the battery management system and/or the electrical heating device,
and a temperature sensor for measuring a temperature inside the thermally insulating shell,
wherein the controller is operationally coupled to a device configured to initiate flow within the
heat sink volume, such as a pump or a release valve fluidly coupled to the heat sink volume,
the controller being operationally coupled to the temperature sensor and the device and
configured to selectively initiate flow within the heat sink volume to reject heat from the heat

sink volume in dependence on the temperature inside the thermally insulating shell.

10. A water heating system according to claim 9, further comprising a release valve fluidly
coupled to the heat sink volume and configured to facilitate the release of heat exchange fluid
from the heat sink volume, the controller being operationally coupled to the temperature
sensor and the release valve and configured to open the release valve in dependence on the
temperature inside the thermally insulating shell.

11. A water heating system according to claim 10, wherein the release valve is additionally
fluidly coupled to an inlet of the electrical heating device and configured to allow drainage of

water from the heat sink volume into the inlet of the electrical heating device.

12. A water heating system according to claim 9 and comprising a pump for circulating the
heat exchange fluid through the heat sink volume, the controller being operationally coupled
to the temperature sensor and the pump and configured to operate the pump in dependence

on the temperature inside the thermally insulating shell.

13. A water heating system according to any preceding claim, further comprising a

secondary heating device configured to be powered by mains electricity.

14. A water heating system according to claim 13, wherein the electrical heating device
and the secondary heating device are provided on parallel fluid flow paths, the water heating
system further comprising a controllable valve arrangement for controlling a fluid flow rate in

each of the parallel fluid flow paths.
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15. A water heating system according to any preceding claim, wherein the heat sink

arrangement includes a phase change material.

16. A water heating system according to any preceding claim, wherein the battery
comprises multiple modules each containing one or more individual cells, and wherein the
heat sink arrangement comprises a frame with multiple compartments or fixings, each

compartment or fixing arranged for holding one or more of the battery modules.

17. A water heating system according to claim 16, wherein the heat sink arrangement
comprises a heat sink volume for holding a heat exchange fluid, and wherein the heat sink
volume comprises heat exchange fluid channels that pass between and/or through respective
battery modules.

18. A water heating system according to any preceding claim, further comprising a battery
heating device that is enclosed in the thermally insulating shell.

19. A water heating system according to any preceding claim, further comprising an AC to
DC power supply inside the insulating shell, the power supply being electrically coupled to at
least one of the battery and/or battery management system to supply power to the battery,

and the power supply being thermally coupled to the heat sink arrangement.



