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ELECTROCHEMICAL COMPRESSOR BASED
HEATING ELEMENT AND HYBRID HOT
WATER HEATER EMPLOYING SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. patent
application No. 61/688,785 filed on May 22, 2012 and
entitled Electrochemical Compressor Based Heat Pump For a
Hybrid Hot Water Heater, which 1s incorporated herein by
reference it its entirety.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to electrochemical
compressors based heating element and the use thereof 1n hot
water heater system. In one embodiment, an electrochemical
compressor 1s configured as part of a closed loop refrigerant
cycle.

[0004] 2. Background

[0005] Domestic hot water heaters account for between
15% and 40% of domestic energy use depending on the
country, with the U.S. reporting 15%. Tank type Hot Water
heaters are typically either gas or electrically heated. One
development for increasing the efficiency of hot water heaters
has been the incorporation of heat pumps for base load heat-
ing. The system can be set so the heat pump i1s the primary
heating device for maximum eificiency and slower recovery
or utilized when whenever the water consumption rate 1s low
having minimum 1mpact on how the device 1s utilized at an
eificiency penalty.

[0006] The function of heat pumps 1s to remove heat from a
heat source or reservoir at low temperature and to reject the
heat to a heat sink or reservoir at high temperature. While
many thermodynamic effects have been exploited 1n the
development of heat pumps and refrigeration cycles, one of
the most popular today 1s the vapor compression approach.
This approach 1s sometimes called mechanical refrigeration
because a mechanical compressor 1s used 1n the cycle. Any
improvement 1n eificiency related to compressor perfor-
mance can have significant benefits 1n terms of energy savings
and thus have significant positive environmental impact.

[0007] Vapor compression heat pump cycles generally uti-
lizes five important components. The first 1s a mechanical
compressor that 1s used to pressurize a gaseous working tluid.
After proceeding through the compressor, the hot pressurized
working fluid 1s condensed 1n a condenser. The latent heat of
vaporization of the working fluid 1s given up to a high tem-
perature reservoir often called the sink. The liquefied working,
fluid 1s then expanded at substantially constant enthalpy in a
thermal expansion valve or orifice. The cooled liquid working,
fluad 1s then passed through an evaporator In the evaporator,
the working fluid absorbs its latent heat of vaporization from
a low temperature reservoir often called a source. The last
component 1s the working fluid itself.

[0008] In conventional vapor compression cycles, the
working fluid selection 1s based on the properties of the fluid
and the temperatures of the heat source and sink. The factors
in the selection include the specific heat of the working tluid,
its latent heat of vaporization, its specific volume, and 1ts
safety. The selection of the working fluid affects the coelli-
cient of performance of the cycle. In an electrochemical com-
pressor the electrochemical characteristics of a potential
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working fluid 1s important. Fluids can be selected for active or
passive participation in the compression system. An active
material 1s driven through the compressor in a reversible
redox reaction whereas passive working fluids are moved
through the compressor by association with the electroactive
species, 1 most cases H2.

[0009] For a refrigeration cycle operating between a lower
limit, or source temperature, and an upper limit, or sink tem-
perature, the maximum eificiency of the cycle 1s limited to the
Camnot efficiency. The elliciency of a refrigeration cycle 1s
generally defined by 1ts coetlicient of performance, which 1s
the quotient of the heat absorbed from the sink divided by the
net work mput required by the cycle.

[0010] Any mmprovement in heat pump systems clearly
would have substantial value. Electrochemical energy con-
version 1s considered to be inherently better than other sys-
tems due to their relatively high exergetic efficiency. In addi-
tion, electrochemical systems are considered to be noiseless,
modular, and scalable and can provide a long list of other

benelits depending on the specific thermal transier applica-
tion.

SUMMARY OF THE INVENTION

[0011] Thenventionis directed to an electrochemical com-
pressor and heat pump system. In one embodiment, an elec-
trochemical compressor, as described herein, comprises an
clectrochemical cell and a mixed gas refrigerant. The electro-
chemical cell 1s capable of producing high pressure gas from
a mixed flmd system including an electrochemically-active
component, such as hydrogen, and at least one refrigerant
fluid, for example water. Any suitable proton associable com-
pound, such as any suitable 1onic or polar solvent compound,
may be used 1n the mixed gas refrigerant. A proton associable
compound 1ncludes, but 1s not limited to, low molecular
weight alcohols, such as methanol, water and the like.

[0012] A heating device, as described herein, comprises an
clectrochemical compressor and a condenser that may be
configured 1n thermal communication with an object to be
heated. A heating device, as described herein, comprises an
clectrochemical compressor configured to elevate the tem-
perature and pressure of a working fluid. In an exemplary
embodiment, a working fluid comprises hydrogen and a pro-
ton associable compound, such as water. The electrochemical
compressor comprises a membrane electrode assembly that
comprises an anode, a cathode, and a cation exchange mem-
brane located between the anode and cathode, 1n an exem-
plary embodiment, the cation exchange membrane comprises
a pertluorosulfonic acid polymer, such as Nafion, available
from E.I. Dupont, however, any suitable cation exchange
material may be used. The anode and cathode comprise a
catalyst suitable for running the reactions as described herein.
At the anode, hydrogen 1s oxidized into proton’s and elec-
trons. The protons are then transferred across the cation
exchange membrane where the hydrogen 1s produced through
a reduction reaction. A power supply may be coupled to the
anode and cathode to drive the reactions and transfer the
working fluid across the membrane electrode assembly. A
working fluid inlet 1s coupled with the anode, or anode side of
the electrochemical compressor and a working tluid outlet 1s
coupled with the cathode, or cathode side o the electrochemi-
cal compressor. A condenser, as described herein, 1s coupled
with the working fluid outlet, whereby the working fluid
entering the condenser i1s condensed. In an exemplary
embodiment, an electrochemical compressor comprises a
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conduit that 1s coupled with the working fluid outlet and with
the working tluid inlet to create a closed loop system for the
working fluid. The working fluid may then be transferred
around the closed loop system, whereby heat may be
extracted from the condensed working fluid.

[0013] In another embodiment, an electrochemical com-
pressor configured 1n a closed loop system may further com-
prise an expansion valve and an evaporator, whereby the
working fluid 1s transferred from the electrochemical com-
pressor to the condenser, and from the condenser to the evapo-
rator through the expansion valve, and wherein the device 1s
configured as a heat pump system. An evaporator may be
configured in thermal communication with an object to be
cooled. For example, an evaporator may comprise evapora-
tion coils and a fan may blow cooled air from the coils into a
duct. The electrochemical compressor may be used as a cool-
ing device 1n this embodiment.

[0014] A hot water heater may be configured with an elec-
trochemical compressor, as described herein. Water within
the hot water heater may be 1n thermal communication with
the condenser and thereby extract heat from the condenser, A
condenser of the electrochemical compressor may be config-
ured at least partially within a hot water heater, or a thermal
communication device, such as a heat sink may couple the
condenser with the water within the tank. An electrochemical
compressor, as described herein may further conduit to create
a closed loop system that may incorporate an expansion valve
couple with an evaporator, wherein the device 1s configured as
a heat pump. The heat pump may be configured at least
partially within a hot water heater. In an exemplary embodi-
ment, the condenser 1s configured 1nside a hot water heater,
whereby heat 1s transferred from the condenser to the water
within the hot water heater and the evaporator 1s configured
outside of the hot water heater.

[0015] A hot water heater comprising an heating device
comprising an electrochemical compressor, as described
herein, may also comprise a secondary heat source, such as an
clectric or gas heat source, whereby 1t may be consider a
hybrid hot water heater. A hybrid hot water heater has two
different types of heating sources, wherein a first heat source,
such as the heating device described herein, may be used to
heat the water during periods of no or low usage and a sec-
ondary heat source may be turned on when the demand 1s
increased. The heating device as described herein 1s more
cilicient that most other heat sources and therefore using 1t to
heat the water within a hot water heater can significantly
increase the overall efficiency of the hot water system. A
controller may be used to turn a first and second heat source
on as required by the system. Any number of sensors may be
used to provide iput to the control, whereby the controller
determines, through algorithms programmed 1n a data pro-
cessor, at what level of output each heat source should be. For
example, hot water heater, as described herein, may comprise
a flow rate sensor, whereby the controller only turns on the
secondary heat source 1f the tlow rate exceeds a preset value,
or 1I the flow rate 1s high for an extended period of time.
Likewise, a hot water heater may be configured with a tem-
perature sensor that measures the temperature of the water
within the hot water heater, A controller may use the water
temperature data alone or in combination with other sensor
inputs to control the output level of each heat source. A
controller may simply send more current to an electrochemi-
cal compressor, or to an electrical secondary heat source as
necessary. A water level sensor may also provide mput to
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controller and the water level input may be used alone or 1n
combination with any other sensor input to determine how to
control the heat sources, A controller may control the amount
of current supplied to an electrochemical compressor or con-
trol the voltage of the membrane electrode assembly. In addi-
tion, a controller may reverse the polarity on the electro-
chemical compressor 1s required.

[0016] A heat pump system, as described herein may com-
prise any suitable type of expansion valve, such as a thermo-
static expansion valve, an electronically controlled expansion
valve, a MEMSs based electronically controlled expansion
vale and the like.

[0017] The summary of the invention 1s provided as a gen-
eral introduction to some of the embodiments of the mnven-
tion, and 1s not intended to be limiting. Additional example
embodiments including variations and alternative configura-
tions of the invention are provided herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The accompanying drawings are included to pro-
vide a further understanding of the ivention and are 1ncor-
porated 1n and constitute a part of this specification, illustrate
embodiments of the invention, and together with the descrip-
tion serve to explain the principles of the invention

DETAILED DESCRIPTION OF TH.
ILLUSTRATED EMBODIMENTS

L1

[0019] FIG. 1 shows a diagram of an exemplary heat pump
system comprising an electrochemical compressor as
described herein.

[0020] FIG. 2 shows an exemplary electrochemical com-
pressor as described herein.

[0021] FIG. 3 shows an exemplary electrochemical com-
pressor as described herein.

[0022] FIG. 4 shows an exemplary voltage (V) versus cur-
rent (1) polarization graph for hydrogen gas at diflerent rela-
tive humidity levels

[0023] FIG. S shows an exemplary voltage (V) versus cur-
rent (I) polarization graph for hydrogen gas compressed to
different output pressures.

[0024] FIG. 6 shows an exemplary hybrid hot water heater
having an electrochemical compressor heating device and an
clectrical type secondary he)

[0025] FIG. 7 shows an exemplary hybrid hot water heater
having an electrochemical compressor heating device and a
gas type secondary heater.

[0026] Corresponding reference characters indicate corre-
sponding parts throughout the several views of the figures.
The figures represent an 1llustration of some of the embodi-
ments of the present invention and are not to be construed as
limiting the scope of the invention 1n any manner. Further, the
figures are not necessarily to scale, some features may be
exaggerated to show details of particular components. There-
fore, specific structural and functional details disclosed
herein are not to be interpreted as limiting, but merely as a
representative basis for teaching one skilled in the art to
variously employ the present invention

[0027] As used herein, the terms “comprises,” “compris-
ing,” “imncludes,” “including,” “has,” “having” or any other
variation thereot, are intended to cover a non-exclusive inclu-
sion. For example, a process, method, article, or apparatus
that, comprises a list of elements 1s not necessarily limited to

only those elements but may include other elements not
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expressly listed or mherent to such process, method, article,
or apparatus. Also, use of “a” or “an” are employed to
describe elements and components described herein. This 1s
done merely for convenience and to give a general sense of the
scope of the mvention. This description should be read to
include one or at least one and the singular also includes the
plural unless it 1s obvious that 1t 1s meant otherwise.

[0028] Incases where the present specification and a docu-
ment incorporated by reference include contlicting and/or
inconsistent disclosure, the present specification shall con-
trol. If two or more documents incorporated by reference
include conflicting and/or inconsistent disclosure with
respect to each other, then the document having the later
elfective date shall control.

[0029] Certain exemplary embodiments of the present
invention are described herein and illustrated 1n the accom-
panying figures. The embodiments described are only for
purposes ol illustrating the present invention and should not
be mterpreted as limiting the scope of the mnvention. Other
embodiments of the invention, and certain modifications,
combinations and improvements of the described embodi-
ments, will occur to those skilled in the art and all such
alternate  embodiments, combinations, modifications,
improvements are within the scope of the present invention,

[0030] As shown if FIG. 1, an exemplary electrochemical
compressor 12 1s configured 1 a closed loop system 100
having a conduit 102 coupled to the working fluid inlet 20 and
working fluid outlet 22 of the electrochemical compressor.
The working fluid, within the conduit, flows to the electro-
chemical compressor, where it 1s transierred across, and com-
pressed 1n the electrochemical compressor and thereafter
condensed in a condenser. The working fluid temperature and
pressure 1s are elevated at the outlet of the compressor. The
working fluid 1s transferred to the condenser where it 1s sub-
stantially condensed 1n the condenser 14. The heat liberated
from condensation of the working fluid may be used to heat an
object. This constitutes a heating device 10, as described
herein. The working fluid passes from the condenser through
an expansion valve 51 and subsequently to an evaporator 15.
An object may be put 1n thermal communication with the
evaporator to cool the object. This mechanism may be used to
heat a liquid, such as water 1n a liquid process tank.

[0031] As shown in FIG. 2 an exemplary electrochemical
compressor, as described herein comprises a membrane elec-
trode assembly (MEA) 13. A working fluid inlet 20 provides
the mixed working fluid, water and hydrogen, to the anode 30,
where 1t 1s chemically reacted on a catalyst 35. The hydrogen
1s disassociated into protons and electrons, whereby the pro-
tons pass through the cation exchange membrane 34 to the
cathode 32, and the electrons pass through a circuit. A power
supply 28 1s coupled to the anode and cathode and drive the
reaction rate. The reaction of the anode 1s shown 1n FIG. 2
along with the reaction of the cathode. Hydrogen 1s produced
at the cathode and flow out the working fluid outlet 22 along
with water. Water 1s transferred across the cation exchange
membrane, as 1t 1s pulled along with the protons as they move
through the membrane. A gas diffusion layer 36 may be
coniigured on the anode and/or cathode.

[0032] As shown in FIG. 3 an exemplary electrochemical
compressor, as described herein, has a mixed gas refrigerant
90 being fed nto the working fluid inlet 20. A mixed gas
refrigerant, as shown comprises a proton associable com-
pound 96 and hydrogen. A proton associable compound may
be water, a low molecular alcohol such as methanol, and the
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like. Any suitable type of working fluid 98 may be used in the
clectrochemical compressor heating device as described
herein.

10033]

rent (I) polarization graph for hydrogen gas at di
tive humidity levels

[0034] FIG. 5 shows an exemplary voltage (V) versus cur-
rent (I) polarization graph for hydrogen gas compressed to
different output pressures

[0035] As shown in FIG. 6 an exemplary hybrid hot water
heater 68 1s configured with an electrochemical compressor
heating device 10 and an electrical heater 70 type secondary
heater 17. The condenser coils 44 of a condenser 40 are
configured within the hybrid hot water heater, where they
transier heat from the working fluid to the water 94. The
working fluid conduit 102 extends out of the tank 60 and to an
expansion valve 51 where the working fluid 1s expanded and
flows into an evaporator 15. A controller 18 having a user
interface 80, such as a touch screen or any outer suitable user
input feature, 1s coupled with both the heating device 10, and
the secondary heating device 17. A data processor takes
inputs from one or more sensors and determines at what
output level each heating source should be operating. A water
flow rate sensor 86 1s configured on the water outlet 64. The
water 1nlet 62 provides water to the tank 60 of the hybrid hot
water heater 68. A temperature sensor 84 1s configured to
measure the temperature of the water 94 within the tank and
a water level sensor 88 measure the water level within the
tank. A fan 56 1s shown being configured to blow air over the
evaporator, whereby the air may be cooled by the cool evapo-
rator coils 34. The cooled air may be used for any suitable
purpose including cooling a home, for example, As described,
any suitable portion of the electrochemical compressor heat-
ing device may be configured with the hot water heater.

[0036] As shown 1n FIG. 7 an exemplary hybrid hot water
heater 68 has an electrochemical compressor 12 heating the
refrigerant that then flows to device 10 and a gas heater 72
type secondary heater 70. The entire heating device 1s con-
figured within the outer enclosure of the tank 60 of the hot
water heater 1n this embodiment. In addition, a heat sink 46 1s
coupled with the condenser coil 44 and draws heat from the
condenser, and transiers 1t to the water 94. The water level 66
of the water within the tank 1s shown 1 FIG. 7. A fan 56 1s
configured to blow cooled air from the evaporator through a
duct 38. The water within the hot water heater, or fluid process
tank, may be configured as the heat sink and may be 1n direct
contact with the compressor and/or condenser, as described
herein.

[0037] Any portion of the electrochemical compressor
based heating element may be used to heat an object and may
be configured with direct contact with a fluid of a fluid process
tank, such as a hot water heater. Likewise, any portion of the
clectrochemical compressor based heating system, as
described herein, such as the evaporator and expansion value,
may be used to cool an object and may be 1n direct contact
with the object, such as a fluid, or may be coupled with a fins
or a heat sink to cool an object. In addition, air or fluid tlow
over any component including the compressor, condenser,
expansion valve, and evaporator may be used to transfer heat
to or from the electrochemical compressor based heat transier

system 108, as shown and described 1n FIGS. 1, 6 and 7.

[0038] It will be apparent to those skilled 1n the art that
various modifications, combinations and variations can be

made 1n the present invention without departing from the

FIG. 4 shows an exemplary voltage (V) versus cur-
Terent rela-
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spirit or scope of the invention. Specific embodiments, fea-
tures and elements described herein may be modified, and/or
combined 1n any suitable manner. Thus, 1t 1s intended that the
present invention cover the modifications, combinations and
variations of this mvention provided they come within the
scope of the appended claims and their equivalents.

What 1s claimed 1s:
1. A heating device comprising:
a. an electrochemical compressor configured to elevate the
temperature of a working fluid, comprising;:
1. a membrane electrode assembly comprising:
1. an anode:
2. a cathode;

3. a cation exchange membrane located between the
anode and cathode;

11. a working fluid inlet coupled with said anode;
111. a working fluid outlet coupled with said cathode;

v. a power supply coupled with said anode and said
cathode to provide electrical current to said electro-
chemical compressor;

b. a condenser coupled with said working fluid outlet,

wherein the working fluid 1s transierred from the anode to
the cathode where 1t 1s condensed 1n the condenser thereby
increasing the temperature of the working fluid.

2. The heating device of claim 1, wherein a conduit couples
the working fluid outlet with the working fluid inlet to create
a closed loop system for the working fluid.

3. The heating device of claim 1, herein the working tluid 1s
a proton associable compound.

4. The heating device of claim 1 wherein the working fluid
comprises a low molecular weight alcohol.

5. The heating device of claim 4, wherein 1 the low
molecular weight alcohol 1s methanol.

6. The heating device of claim 1, wherein the working fluid
comprises water.

7. The heating device of claim 1, wherein the working fluid
comprises ammonia.

8. The heating device of claim 1, wherein the working fluid
comprises hydrogen.

9. The heating device of claim 1, wherein the cation
exchange membrane comprises pertluorosulfonic acid.

10. The heating device of claim 2, further comprising:
a. an expansion valve: and
b. an evaporator;

wherein both the expansion valve and evaporator are con-
figured 1n the closed loop system, whereby the working fluid
1s transierred from the electrochemical compressor to the
condenser, and from the condenser to the evaporator through
the expansion valve, and wherein the device 1s configured as
a heat pump system.

11. A hot water heater comprising:;
a. a heating device comprising:
1. an electrochemical compressor configured to elevate
the temperature of a working fluid, comprising:
1. a membrane electrode assembly comprising;:
a. an anode;
b. a cathode;

c. a cation exchange membrane located between
the anode and cathode;

2. a working fluid 1nlet coupled with said anode:

3. a working fluid outlet coupled with said cathode;
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4. a power supply coupled with said anode and said
cathode to provide electrical current to said elec-
trochemical compressor:

11. a condenser coupled with said working fluid outlet,
wherein the working fluid 1s transferred from the anode to
the cathode where it 1s condensed 1n the condenser thereby
increasing the temperature of the working fluid, whereby
water 1n the hot water heater 1s heated by said working fluid.

12. The hot water heater of claim 11, wherein a conduit
couples the working tluid outlet with the working tluid inlet to
create a closed loop system for the working fluid.

13. The hot water heater of claim 12, further comprising;:

a. an expansion valve; and

b. an evaporator;

wherein both the expansion valve and evaporator are con-
figured 1n the closed loop system, whereby the working fluid
1s transierred from the electrochemical compressor to the
condenser, and from the condenser to the evaporator through
the expansion valve, and wherein the device 1s configured as
a heat pump system.

14. The hot water heater of claim 11 wherein the condenser
1s configured within the hot water heater.

15. The hot water heater of claim 11 wherein a heat sink 1s
coupled with the condenser and the heat sink 1s configured to
transier heat to water within the hot water heater.

16. The hot water heater of claim 11, further comprising a
secondary heat source.

17. The hot water heater of claim 16, wherein the second-
ary heat source 1s an electric heater.

18. The hot water heater of claim 16, wherein the second-
ary heat source 1s a gas heater.

19. The hot water heater of claim 11, further comprising a
control system, whereby the control system regulates the
clectrical current provided by the power supply.

20. The hot water heater of claim 19, further comprising a
temperature sensor configured to measure the temperature of
the water in the hot water heater, wherein the temperature
sensor 1s coupled with the control system, whereby the con-
trol system regulates the amount of heat produced by the
heating device as a function of the temperature of the water in
the hot water heater, as measured by the temperature sensor.

21. The hot water heater of claim 19, further comprising a
secondary heat source, wherein the control system control
regulates the amount of heat produced by the heating device
and secondary heat source.

22. The hot water heater of claim 21, further comprising a
temperature sensor configured to measure the temperature of
the water in the hot water heater, wherein the temperature
sensor 1s coupled with the control system, whereby the con-
trol system regulates the amount of heat produced by the
heating device and the secondary heat source as a function of
the temperature of the water, as measured by the temperature
SEeNsor.

23. The hot water heater of claim 21, further comprising a
water tlow rate sensor configured to measure the amount of
water flow from the hot water heater, wherein the water flow
rate sensor 1s coupled with the control system, whereby the
control system regulates the amount of heat produced by the
heating device and the secondary heat source as a function of
the water flow rate, as measured by the water flow rate sensor.

24. The hot water heater of claim 21, further comprising a
water level sensor configured to measure the level of water
within the hot water heater, wherein the water level sensor 1s
coupled with the control system, whereby the control system
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regulates the amount of heat produced by the heating device
and the secondary heat source as a function of the water level,
as measured by the water level sensor.
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