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THERMAL STORAGE SYSTEM

TECHNICAL FIELD

[0001] The instant 1invention relates to a thermal storage
system. More specifically, the disclosure pertains to energy
storage and retrieval from a phase change matenal.

BACKGROUND

[0002] Various types of thermal energy storage systems are
well known 1n the art. In some systems, energy 1s stored
and/or retrieved as sensible heat 1n either a solid or a liquid, or
in a phase change material such as salt, or in a thermally
stratified composition of a solid and a heat transfer fluid.

[0003] Thestorage and retrieval of sensible heat1s typically
accomplished by inducing a temperature difference between
a hot and a cold source. As such, sensible energy storage
systems are prone to large volume requirements of the liquad
or solid storage media and are therefore expensive.

[0004] The transier of energy to and from a phase change
matenal 1s typically at a constant temperature and 1n the form
ol the latent heat of fusion of the material. Because the latent
heat of fusion of a material 1s typically greater than the spe-
cific heat capacity of the same material used in a sensible
storage system, the amount of the phase change material
required for storing an equivalent amount of energy 1s typi-
cally less than the same material required for storing sensible
energy. Accordingly, a phase change storage system 1s less
costly than an equivalent sensible energy storage system and,
because of their reduced size, the stand-by loses from a phase
change storage system will also be less than those for a
sensible heat storage system. However, retrieving the energy
stored 1n a phase change material can be problematic in that
the phase change material solidifies onto the heat exchanger
surfaces when the heat of fusion 1s extracted from the liquid
state. This build-up of the solid acts as an 1nsulating layer,
thereby reducing the heat transier between the phase change
material and the energy transport fluid.

[0005] Accordingly, there exists a need for an efficient and
cost elfective energy storage system comprising a phase
change material.

SUMMARY

[0006] Inaccordance with an embodiment of the invention,
a thermal energy storage system comprises a storage tank
housing a phase change material. Thermal energy 1s stored or
retrieved from the phase change material, respectively, by
adding or removing energy in the form of the latent heat of
fusion of the phase change material.

[0007] In an embodiment of the invention, the storage sys-
tem comprises a first and a second heat exchanger tluidly
connected 1n series such that energy from the phase change
material flowing through a primary side of the first and the
second heat exchangers 1s transierred to a first heat transfer
fluid flowing through a secondary side of the first and the
second heat exchangers. The storage system further com-
prises a third and a fourth heat exchanger fluidly connected in
series such that energy from a second heat transfer fluid
flowing through a secondary side of the third and the fourth
heat exchangers 1s transierred to the phase change material on
a primary side of the third and the fourth heat exchangers.
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[0008] Inanembodimentofthe invention, the phase change
material 1s a dilute eutectic composition comprising a mixture
of two or more morganic salts in a thermodynamic equilib-
rium state of solid and liquid.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 1s a schematic of a thermal energy storage
system 1n accordance with an embodiment of the invention;
and

[0010] FIG. 2 1s a thermodynamic phase change diagram
for a phase change material 1n accordance with an embodi-
ment of the invention.

DETAILED DESCRIPTION

[0011] While the present invention 1s subject to various
modifications, embodiments illustrating the best mode con-
templated by the inventors for carrying out the invention are
described 1n detail herein below by way of examples with
reference to the included drawings. However, 1t should be
clearly understood that there 1s no intention to limit the mnven-
tion 1n any form or manner to the disclosed embodiments,
forms, or examples. As such, all alternatives are considered as
talling within the scope, spirit and intent of the invention as
defined by the appended claims.

[0012] FIG. 1 1s a schematic of thermal energy storage
system 10 1n accordance with an embodiment of the inven-
tion. Thermal storage system 10 includes phase change mate-
rial 12 contained within tank 14, first heat exchanger 16
fluidly connected in series to second heat exchanger 18 and
third heat exchanger 20 fluidly connected 1n series to fourth
heat exchanger 22.

[0013] In an embodiment of the invention, each one of the
first, second and third heat exchangers 16, 18 and 20, respec-
tively, comprise a primary side and a secondary side. As
illustrated 1n FIG. 1, first heat exchanger 16 comprises pri-
mary side 24 and secondary side 26. Similarly, second heat
exchanger 18 comprises primary side 28 and secondary side
30; and third heat exchanger 20 comprises primary side 32
and secondary side 34. Each one of first, second and third heat
exchangers, 16, 18 and 20, respectively, are one of the various
types of heat exchangers as are well known 1n the art, includ-
ing a shell-and-tube heat exchanger. In the embodiment of
thermal storage system 10, fourth heat exchanger 22 1s illus-
trated in FIG. 1 as comprising plurality of tubes 36 embedded
in phase change material 12 within tank 14. As such, plurality
of tubes 36 include multiple tubes 1n a parallel arrangement
connected by headers. Alternatively, plurality of tubes 36
form one or more coil of continuous tubing.

[0014] A portion of phase change maternial 12 extracted
from tank 14 flows along path 38 and enters primary side 28
of second heat exchanger 18. The phase change material
flowing through primary side 28 exits second heat exchanger
18 along path 40 and enters primary side 24 of first heat
exchanger 16. The phase change material flowing through
primary side 24 exits {irst heat exchanger 16 along path 42 and
enters tank 14. A first fluid tlows along path 44 and enters
secondary side 26 of first heat exchanger 16. The first fluid
flowing through secondary side 26 exits first heat exchanger
16 along path 46 and enters secondary side 30 of second heat
exchanger 18. The first fluid flowing through secondary side
30 exits second heat exchanger 18 along path 48.

[0015] A second fluid flows along path 50 and enters sec-
ondary side 34 of third heat exchanger 20. The second fluid
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flowing through secondary side 34 exits third heat exchanger
20 along path 52 and enters secondary side 36 of fourth heat
exchanger 22. The second fluid flowing through secondary
side 36 exits fourth heat exchanger 22 along path 54. A
portion of phase change material 12 extracted from tank 14
flows along tlow path 56 and enters primary side 32 of third
heat exchanger 20. The phase change material flowing
through primary side 32 exits third heat exchanger 20 along,
flow path 58 and enters tank 14.

[0016] As 1s well known to those skilled 1n the art, each of
the first and second heat exchangers 16 and 18, respectively,
provide the means for transferring energy between the phase
change material and the first fluid, respectively, flowing
through the primary and the secondary sides of these heat
exchangers. Similarly, third heat exchanger 20 provides the
means for transierring energy between the phase change
material and the second fluid, respectively, flowing through
the primary and the secondary sides of this heat exchanger.
Also, fourth heat exchanger 22 provides the means for trans-
ferring energy between the second fluid flowing through sec-
ondary side 36 and phase change material 12 encasing sec-
ondary side 36 of fourth heat exchanger 22.

[0017] Whether energy i1s transierred to the phase change
material or from the phase change material flowing through
first, second and third heat exchangers 16, 18 and 20, respec-
tively, 1s determined by the temperatures and the thermody-
namic states of the fluid streams entering each primary sides
24, 28 and 32 and secondary sides 26, 30 and 34 of first,
second and third heat exchangers 16, 18 and 20, respectively.
Similarly, the temperature and the thermodynamic state of the
second fluid entering secondary side 36 of fourth heat
exchanger 22 will determine whether energy 1s transferred to
or from phase change material 12 encasing secondary side 36.

[0018] Inaccordance with an embodiment of the invention,
the first fluud entering secondary side 26 of first heat
exchanger 16 1s feed water. Within first heat exchanger 16,
energy from the phase change material flowing through pri-
mary side 24 1s transierred to the fluid flowing through sec-
ondary side 26, converting the feed water into saturated
steam. The saturated steam exits secondary side 26 along tlow
path 46 and enters secondary side 30 of second heat
exchanger 18. Within second heat exchanger 18, energy from
the phase change material flowing through primary side 28 1s
transierred to the fluid flowing through secondary side 30,
converting the saturated steam into superheated steam. The
superheated steam exits secondary side 30 along tlow path 48.
In an embodiment of the mmvention, the superheated steam
flowing along flow path 48 1s used for operating a steam
turbine connected to a generator for generating electricity. In
another embodiment, the superheated steam 1s used for oper-
ating a cooling apparatus such as an absorption chiller. In an
alternate embodiment, the superheated steam 1s used for heat-
ing an enclosure. In yet another embodiment, the superheated
steam 1s used 1n an 1ndustrial process. As can be seen, the
superheated steam can be used 1n various applications.

[0019] As will be apparent to one skilled 1n the art, the
phase change material flowing through primary sides 24 and
28 of first and second heat exchangers 16 and 18, respectively,
will undergo a change 1n 1ts thermodynamic state as energy
from the phase change matenal 1s transierred to the flmd
flowing through secondary sides 26 and 30 of first and second
heat exchangers 16 and 18, respectively. In an embodiment of
the invention, the phase change material extracted from tank
14 along path 38 1s liquid. In another embodiment, the phase
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change material extracted from tank 14 along path 38 is a
slurry comprising liquid and solid in a thermodynamic equi-
librium state. Similarly, the phase change maternial exiting
primary side 28 of second heat exchanger 18 and entering
primary side 24 of first heat exchanger 16 along flow path 40
1s liquid or a slurry comprising liquid and solid in a thermo-
dynamic equilibrium state. In an embodiment of the invention
wherein the phase change material entering primary side 28
of second heat exchanger 18 is a slurry, then the fraction of
solid 1n the slurry exiting primary side 28 and entering pri-
mary side 24 of first heat exchanger 16 will be relatively more
than the fraction of solid 1n the slurry entering primary side
28. Similarly, i1 the phase change maternal entering primary
side 24 of first heat exchanger 16 1s a slurry, then the fraction
of solid 1n the slurry exiting primary side 24 and returning to
tank 14 along path 42 will be relatively more than the fraction
of solid 1n the slurry entering primary side 24.

[0020] Inaccordance with an embodiment of the invention,
the second fluid entering secondary side 34 of third heat
exchanger 20 1s a liquid such as water or o1l at arelatively high
temperature. In another embodiment, the second fluid enter-
ing secondary side 34 1s a gas such as saturated or superheated
steam. In an alternate embodiment, the second fluid 1s from a
heat source such as a concentrating solar collector or a solar
power tower collector.

[0021] In an embodiment of the invention, a portion of
phase change material 12 extracted from tank 14 flows along
path 56 and enters primary side 32 of third heat exchanger 20.
The phase change matenal exiting third heat exchanger 20 1s
returned to tank 14 along flow path 38. Withun third heat
exchanger 20, energy from the second fluid flowing through
secondary side 34 is transferred to the phase change material
flowing through primary side 32. In accordance with an
embodiment of the invention, the phase change material
enters primary side 32 as a slurry comprising liquid and solid
in a thermodynamic equilibrium state and exits as a liquid. In
another embodiment of the invention, the phase change mate-
rial enters and exits primary side 32 as a slurry comprising
liquid and solid 1n a thermodynamic equilibrium state. As
such, the fraction of solid 1n the slurry exiting primary side 32
will be less than the fraction of solid 1n the slurry entering
primary side 32.

[0022] As previously stated, fourth heat exchanger 22 is
illustrated 1n FIG. 1 as comprising plurality of tubes 36
embedded in phase change material 12 within tank 14. In
accordance with an embodiment of the invention, the phase
change material surrounding plurality of tubes 36 1s con-
verted from solid to a slurry comprising liquid and solid 1n a
thermodynamic equilibrium state. In another embodiment of
the invention, the fraction of solid in the slurry surrounding
plurality of tubes 36 1s reduced. In an alternate embodiment of
the invention, the slurry surrounding plurality of tubes 36 1s
converted mto liguad.

[0023] In an embodiment of the invention, the temperature
of the phase change material returned to tank 14 along path 58
1s relatively higher than the temperature of the phase change
material surrounding plurality of tubes 36. Similarly, the
phase change material returned to tank 14 along path 42 will
be relatively cooler than the phase change material extracted
from tank 14 along path 38. As such, phase change material
12 within tank 14 will be thermally stratified. As will be
apparent to one skilled 1n the art, the relatively warmer phase
change material along path 38 does not necessarily have to be
returned near the top of tank 14 for mitiating and/or main-
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taining tank 14 1n a thermally stratified state. Similarly, the
relatively cooler phase change material along path 42 does
not necessarily have to be returned near the bottom of tank 14
for imtiating and/or maintaining tank 14 in a thermally strati-
fied state. In a thermally stratified tank, the phase change

maternal extracted along path 38 will be from near the top of
tank 14

[0024] In accordance with an embodiment of the invention,
phase change material 12 1s a mixture of two or more 1nor-
ganic salts, each of which inorganic salt undergoes a thermo-
dynamic phase change between 1ts respective solid and liquid
states. As 1s well known to those skilled 1n the art, the tem-
perature at which one or more of the morganic salts undergo
thermodynamic phase change between 1ts respective solid
and liquid states 1s dictated by whether the mixture of the salts
forms a eutectic composition or a dilute eutectic composition.
Whether the mixture of the two or more mnorganic salts forms
a eutectic composition or a dilute eutectic composition 1s

defined by one of the weight, volumetric or mole content of
cach of the two or more 1norganic salts.

[0025] FIG. 2 shows simple phase change diagram 100 for
phase change material 12 comprising a binary mixture of two
inorganic salts sodium hydroxide (NaOH) and sodium nitrate
(NaNQO, ) 1n accordance with an embodiment of the invention.
In an alternate embodiment, the phase change material com-
prises a mixture of three, or more, inorganic salts. For the
binary mixture comprising inorganic salts NaOH and NaNO,
in an embodiment of the mvention, temperature 102 1s a
function of the weight percent of NaNO, 104. As illustrated,
the binary mixture comprising about 83.2 percent-by-weight
of NaNO; and about 16.8 percent-by-weight of NaOH (nu-
meral 106) forms eutectic composition 108 having eutectic
temperature of about 246 degrees-C. As can be seen, for the
binary mixture comprising more than about 83.2 percent-by-
weight of NaNO,;, solidus state 110 1s maintained at the
cutectic temperature ol about 246 degrees-C. Accordingly,
the NaOH will always be 1n the liquud state and, theretfore, the
binary mixture will be in the form of a slurry comprising
liguaid NaOH 1in thermodynamic equilibrium with some
NaNQO; 1n solid state. In accordance with an embodiment of
the invention, phase change maternial 12 comprises a dilute
cutectic composition 1n NaNQO, including about 99.0 percent-

by-weight of NaNO; and about 1.0 percent-by-weight of
NaOH (numeral 112).

[0026] As 15 well know to those skilled 1n the art, salt 1s a
corrosive compound. In an embodiment of the invention, each
component of thermal energy storage system 10 1s manufac-
tured from material naturally resistant to corrosion from salt.
In another embodiment, each component of thermal energy
storage system 10 1s treated for preventing or minimizing
corrosion from salt. In an alternate embodiment, each com-
ponent of thermal energy storage system 10 1s coated with a

salt phobic compound for preventing or minimizing corro-
S101.

[0027] Various modifications and additions may be made to
the exemplary embodiments presented hereinabove without
departing from the scope and intent of the present invention.
For example, while the disclosed embodiments refer to par-
ticular features, the scope of the 1nstant invention 1s consid-
ered to also include embodiments having different combina-
tions of features different from and/or in addition to those
described herein. Accordingly, the scope ofthe present inven-
tion 1s intended to embrace all such alternatives, modifica-
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tions, and variations as falling within the scope and intent of
the appended claims, including all equivalents thereof.

What 1s claimed 1s:

1. An apparatus for storing and retrieving thermal energy,
the apparatus comprising:

a tank containing a phase change material;

a first heat exchanger fluidly connected 1n series with a
second heat exchanger, wherein

the phase change material from the tank enters a primary
side of the second heat exchanger;

the phase change material flows through and exits the
second heat exchanger and enters a primary side of the
first heat exchanger;

the phase change material tlows through and exits the
first heat exchanger and enters the tank;

a {irst fluid enters and flows through a secondary side of
the first heat exchanger wherein energy 1s transferred
between the phase change material and the first fluid;
and

the first fluid exats the first heat exchanger and enters and
flows through a secondary side of the second heat
exchanger wherein energy 1s transferred between the
phase change material and the first fluid; and

a third heat exchanger fluidly connected in series with a
fourth heat exchanger, wherein

the fourth heat exchanger 1s embedded within the phase
change material within the tank;

a second fluid from an energy source enters and tlows
through a secondary side of the third heat exchanger;

the second fluid exits the third heat exchanger and enters
and tlows through a secondary side of the fourth heat
exchanger wherein energy 1s transierred between the
second tluid and the phase change material surround-
ing the secondary side of the fourth heat exchanger;

the second fluid exits the fourth heat exchanger and
returns to the energy source;

the phase change material from the tank enters and tlows
through a primary side of the third heat exchanger
wherein energy 1s transierred between the phase
change material and the second fluid; and

the phase change material exits the third heat exchanger
and enters the tank.

2. The apparatus of claim 1, wherein the phase change
material comprises a composition 1 a thermodynamic equi-
librium state of liquid and solid.

3. The apparatus of claim 1, wherein

cach of the first, the second and the third heat exchangers
comprise shell and tube heat exchangers;

the primary side of each of the first, the second and the third
heat exchangers comprises a shell; and

the secondary side of each of the first, the second and the
third heat exchangers comprises a plurality of tubes.

4. The apparatus of claim 1, wherein

the first fluid entering the first heat exchanger includes feed
walter;

the first fluid exating the first heat exchanger and entering
the second heat exchanger comprises saturated steam:;
and

the first fluid exiting the second heat exchanger comprises
superheated steam.

5. The apparatus of claim 4, wherein the superheated steam
1s used for generating electricity.

-
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6. The apparatus of claim 1, wherein

the secondary side of the fourth heat exchanger comprises
a plurality of tubes embedded within the phase change
material; and

the second fluid tlows through the plurality of tubes.

7. The apparatus of claim 6, wherein

the phase change material comprises a mixture of at least

two or more 1morganic salts.

8. The apparatus of claim 7, wherein the mixture comprises
83.2 percent by weight sodium nitrate and 16.8 percent by
weight sodium hydroxide.

9. The apparatus of claim 1, wherein the phase change
material comprises a dilute eutectic composition.

10. The apparatus of claim 9, wherein the dilute eutectic
composition comprises a mixture of at least two or more
inorganic salts.

11. The apparatus of claim 10, wherein the dilute eutectic
composition comprises a dilute eutectic composition 1n
sodium nitrate including sodium nitrate in the range of 98 to
99 percent by weight and sodium hydroxide in the corre-
sponding range of 2 to 1 percent by weight.

12. The apparatus of claim 10, wherein

the inside surface of the shell for each one of the first, the

second and the third heat exchanger comprises a coating,
of a salt phobic compound; and

the outside surfaces of the plurality of tubes in each one of

the first, the second, the third and the fourth heat
exchanger comprise a coating of the salt phobic com-
pound.

13. The apparatus of claim 1, wherein the phase change
material within the tank 1s thermally stratified.

14. The apparatus of claim 13, wherein

the phase change material entering the second heat

exchanger comprises the phase change material
extracted from near a top of the tank; and

the phase change maternial exiting the first heat exchanger

enters the tank near a bottom of the tank.

15. The apparatus of claim 14, wherein

the phase change material entering the second heat

exchanger comprises a liquid state of the phase change
material; and

the phase change material entering the tank near the bottom

of the tank comprises thermodynamic equilibrium state
of liguid and solid.

16. The apparatus of claim 13, wherein

the phase change material entering the third heat exchanger

comprises the phase change matenial extracted from
near the bottom of the tank; and

the phase change material exiting the third heat exchanger

enters the tank near the top of the tank.

17. The apparatus of claim 16, wherein

the phase change material entering the third heat exchanger

comprises thermodynamic equilibrium state of liqud
and solid; and

the phase change matenal exiting the third heat exchanger

comprises the phase change material 1n the liquud state.

18. The apparatus of claim 13, wherein

the phase change material entering the third heat exchanger
comprises the phase change material 1n the liquid state;
and
the phase change material exiting the third heat exchanger
comprises the phase change material 1n a saturated state.
19. The apparatus of claim 18, wherein the saturated state
1s a thermodynamic equilibrium state of liquid and vapor.
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20. The apparatus of claim 18, wherein the saturated state
1S vapor.

21. The apparatus of claim 13, wherein

the phase change material entering the third heat exchanger

comprises the phase change material 1n the liquid state;
and

the phase change matenal exiting the third heat exchanger

comprises the phase change material 1n a superheated
vapor state.

22. The apparatus of claim 13, wherein the fourth heat
exchanger 1s positioned near the bottom of the tank.

23. The apparatus of claim 22, wherein the phase change
material near the bottom of the tank comprises thermody-
namic equilibrium state of liquid and solid.

24. The apparatus of claim 1, wherein the energy source
includes a heating source.

25. The apparatus of claim 1, wherein the energy source
includes a cooling source.

26. A method for storing and retrieving thermal energy
from a phase change material within a tank, the method
comprising the steps of:

transferring energy from the phase change material to a
first fluid; and

transierring energy from a second tluid to the phase change
material.

277. The method of claim 26, further comprising the steps
of:

flowing the first fluid through a secondary side of a first
heat exchanger;

flowing the first fluid exating the first heat exchanger
through a secondary side of the second heat exchanger;

extracting the phase change material from the tank;

flowing the phase change material through a primary side
of the second exchanger;

transierring energy from the phase change material flowing
through the second heat exchanger to the first fluid flow-
ing through the second heat exchanger;

flowing the phase change material exiting the second heat
exchanger through a primary side of the first heat
exchanger;

transierring energy from the phase change material flowing
through the first heat exchanger to the first fluid flowing
through the first heat exchanger; and

returning the phase change material exiting the first heat
exchanger to the tank.

28. The method of claim 27, further comprising the steps
of:

extracting the phase change material from the tank;

flowing the phase change material through a primary side
of a third heat exchanger;

returning the phase change material from the third heat
exchanger to the tank;

extracting the second fluid from an energy source and
flowing the second fluid through a secondary side of the

third heat exchanger;

transierring energy from the second fluid flowing through
the third heat exchanger to the phase change material
flowing through the third heat exchanger;

flowing the second fluid exiting the third heat exchanger
through a secondary side of a fourth heat exchanger,
wherein the secondary side of the fourth heat exchanger
1s embedded within the phase change material 1n the

tank:;
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transferring energy from the second fluid flowing through
the fourth heat exchanger to the phase change material

surrounding the secondary side of the fourth heat
exchanger; and

returning the second fluid exiting the fourth heat exchanger

to the energy source.

29. The method of claim 28, further comprising the step of
maintaining the phase change material in a thermodynamic
equilibrium state of liquid and solid.

30. The method of claim 29, further comprising the step of
maintaining the phase change material 1n a thermally strati-
fied state.

31. The method of claim 30, wherein

the step of flowing the phase change material through the

second heat exchanger further comprises the step of

extracting the phase change material from near a top of
the tank; and
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the step of returning the phase change material exiting the
first heat exchanger to the tank further comprises the step
of returning the phase change material near a bottom of

the tank.
32. The method of claim 31, wherein

the step of flowing the phase change material through the
third heat exchanger further comprises the step of

extracting the phase change material from near the bot-
tom of the tank; and

the step of returning the phase change material exiting the
third heat exchanger to the tank further comprises the

step of returning the phase change material near the top
of the tank.
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