wO 2016/164341 A1 |[IN I N0F 00 000 RO 0O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date

\

=

13 October 2016 (13.10.2016) WIPO I PCT

(10) International Publication Number

WO 2016/164341 Al

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
B60K 16/00 (2006.01) F24J 2/07 (2006.01) kind of national protection available): AE, AG, AL, AM,
F02C 1/05 (2006.01) F28D 20/00 (2006.01) AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
F03G 6/00 (2006.01) H02J 3/28 (2006.01) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
F24J 2/04 (2006.01) DO, DZ, EC, EE, EG, ES, F1, GB, GD, GE, GH, GM, GT,
. . HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
International Application Number: KZ LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
PCT/US2016/025993 MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
International Filing Date: PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
5 April 2016 (05.04.2016) SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
Filing Language: English
) (84) Designated States (uniess otherwise indicated, for every
Publication Language: English kind of regional protection available): ARIPO (BW, GH,
Priority Data: GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
62/143,544 6 April 2015 (06.04.2015) US TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
Applicant: SOLARRESERVE TECHNOLOGY, LLC DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
[US/US]; 520 Broadway, 6th Floor, Santa Monica, Califor- LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
nia 90401 (US). SM, TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ,
Inventor: GREEN, Adam; 1515 Kelton Avenue, Los GW, KM, ML, MR, NE, SN, TD, TG).
Angeles, California 90024 (US). Published:

Agents: KAGAN, David, B. et al.; Kagan Binder, PLLC, —
Suite 200, Maple Island Building, 221 Main Street North,

Stillwater, Minnesota 55082 (US).

with international search report (Art. 21(3))

(54) Title: ELECTRICAL POWER SYSTEMS INCORPORATING THERMAL ENERGY STORAGE

User

30

- _), > User
30/

N
2~

User

User

i
1

' 30
1

. L

1

1

L

Fig. 1
Energy
storage and
supply system
-
8¢ 5y 22b | 100
T
T
w I :—-’ station(s)
28b 2 2a 1
N .: -
Distribution : : Power
\ network [ station(s)
1 )
1
28a ’I" : ! A
1
d 0! : \12
/ I I: i !
1 i I i
1 1y
18a1
bo1ge
] 1y 186 | !
NG !
i i :J !
1 1y .
! 116 H
Vi \A ] A"
21a

) j Grid Operator
_______________________________ N

10

(57) Abstract: The present invention provides a thermal storage system that is easily integrated with a wide range of electric power
systems. In particular, the principles of the present invention are easily implemented at a very large scale to integrate with larger
scale grid systems. The thermal storage aspects of the present invention are cost effective to implement. Also, the manner in which
the systems operate allow thinner, less expensive wiring to be used effectively. Because heavy wiring can be a signiticant part of
startup expenses, the ability to use thinner gauge wiring provides significant cost savings. Further, the systems are quickly respons -
ive to grid conditions and not only modulate energy storage but also modulate energy storage fast enough to respond to grid condi -
tions in real time.
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ELECTRICAL POWER SYSTEMS INCORPORATING THERMAL
ENERGY STORAGE

RELATED APPLICATION
The present non-provisional Application claims the benefit of commonly owned
provisional Application having serial number 62/143,544, filed on April 6,
20135, which provisional Application is incorporated herein by reference in its
entirety for all purposes.

Field of the Invention

The present invention relates to electrical power systems incorporating thermal
energy storage. More particularly, the present invention relates to electrical
power systems in which thermal energy is stored in a molten fluid and the rate
at which electricity is stored in the molten fluid is controllably modulated
responsive to one or more conditions of the electric power system as the molten
fluid is heated.

Background of the Invention

An electric power system is a network of electrical components used to supply,
transmit and use electric power. An example of an electric power system is the
network that supplies a region's homes and businesses with power. For sizable
regions, this power system is known as the grid. An electric power system
generally includes the generators that supply the power, the transmission system
that carries the power from the generating centers to the load centers and the
distribution system that feeds the power to neafby homes and industries.
Smaller power systems also are found in industry, schools, hospitals,

commercial buildings, homes, amusement parks, marine vessels, and the like.

Larger electric power systems also include a grid operator, also known as a
transmission system operator or simply as an operator. One function of a grid
operator is to manage the security of the power system in real time and to co-
ordinate the supply and demand for electricity. Desirably, the grid operator
manages a power system in a manner to avoid undue fluctuations in frequency

or interruptions of supply. The grid operator may be an entity that is owned by a
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transmission grid company or may be fully independent. In some instances, a
grid operator is wholly or partly owned by state or national governments. In
many cases a grid operator is independent of electricity supplying entities
(upstream entities) as well as electricity distribution entities (downstream

entities).

The grid operator in many instances works to maintain a continuous (second-
by-second) balance between electricity supply from power stations and demand
from consumers. The grid operator also may work to ensure the provision of
reserves that will allow for safe and timely response to sudden contingencies.
The grid operator achieves this by determining an optimal combination of
generating stations and reserve providers for each market trading period,
instructing generators when and how much electricity to generate, and
managing any contingent events that cause the balance between supply and
demand to be disrupted. Grid operator staff may undertake this work using

sophisticated energy modelling and communications systems.

In some instances, it may be desirable to store electric power for later use. For
example, a current availability of electric power supply may be greater than a
current demand. If the excess is not stored, it may have to be discarded. In
other instances, pricing characteristics of electric power fluctuate. At some
times, the price is so low that it is beneficial to store electric power purchased at
a low price or even a negative price and then re-supply that power at higher
pricing at a subsequent time. In other circumstances, electric consumers may
be without power for a period of time due to a power outage. Such outages can
be caused by a variety of factors including weather issues and grid problems. In
such circumstances, it is desirable to supply stored electric power to users so
that their access to electric power is less compromised while grid personnel

work to restore the regular power supply.

U.S. Patent Pub. No. 2013/0081394 describes a thermal storage system in
which electric energy from an electric power system is thermally stored in
molten salt. This innovative thermal storage system is described in context of a

solar power system. The solar power is the primary source of thermal energy
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used to generate electricity, The molten salt is a storage medium used firstly to
store electrical energy as thermal energy and secondly to supply thermal energy
on demand during periods, such as nighttime or overcast days, when too little

solar energy is available.

The thermal storage system proposed by U.S. Patent Pub. No. 2013/0081394
offers great promise as a way to efficiently and cost effectively store electrical
energy on a very large scale. However, challenges remain for the system to be
constructed more economically. Additionally, the electrical power system that
supplies the electrical energy to be stored has characteristics that are constantly
changing. A thermal storage system desirably is quickly responsive to these
changes when storing electrical energy. A system that responds too slowly
might only be able to act in a desired manner only after the conditions leading
to a desired action have become obsolete and have been replaced by new
conditions that require a different action. A slow system, in other words, is
unable to respond to grid changes in a timely fashion.

Summary of the Invention

The present invention provides a thermal storage system that easily integrates
with a wide range of electric power systems. In particular, the principles of the
present invention are easily implemented at a very large scalc to integrate with
larger scale grid resources, such as steam-powered generation plants. The
thermal storage aspects of the present invention are cost effective to implement
due to the nature of the materials selected and also to the ability to integrate the
present invention into conventional power generation infrastructure. For
example, the present invention can be incorporated into an existing steam
power plant that uses natural gas, sharing the cost and providing another use for
equipment such as transformers, steam turbines, cooling systems, water
treatment resources, and other balances of plant equipment. The voltage ranges
at which the present invention may be selected to operate allow for lower
equipment cost through the use of thinner conducting wire, smaller

transformers, and other efficiencies.
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As one significant advantage, the principles of the present invention may be
integrated or retrofit into conventional power plant facilities. By allowing the
existing equipment to be used for multiple, compatible roles, the present
invention cost effectively allows substantially higher equipment utilization to be
achieved. In practical effect, this allows existing steam-powered generation
plants to have more capabilities and more energy output per unit of capital

investment,

As another advantage, systems incorporating principles of the present invention
may be charged to store thermal energy or discharged independently. In some
modes of practice, charging and discharging may occur simultaneously,
although the rates of charging and discharging may be different if desired.
Further, the systems are quickly responsive to grid conditions and not only
modulate energy storage and energy discharge, but also independently modulate
energy storage and/or discharge fast enough to respond to grid operation

demands in real time.

Embodiments of the present invention can be modified in modular fashion.
This means that an embodiment can be modified at a later date by adding only
certain components to selectively augment capabilities. For example, one
modification may involve adding or reducing the number of heaters. Another
modification might involve adding or taking away molten fluid from a system.
Another modification might involve adding or removing hot and/or cold tank
storage units. The modularity allows the system to easily adapt to changing
needs during the life of a facility. The modularity also would allow
components from one embodiment to be shifted to another embodiment if

desired as needs among different embodiments change.

As still yet another significant advantage, integrating principles of the present
invention into existing facilities allows those facilities to respond significantly
faster to grid information. For example, a typical power generation facility
cycles on and off. Cold start up takes time, e.g., 2 to 3 hours. This means that
grid operators must take this time lag into account when managing grid

resources unless a system is kept idling. Rather than merely idling, a system
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that integrates principles of the present invention can be kept warm while
accomplishing beneficial charging and discharging. A system kept warm in this
manner could respond to a grid operator more quickly and responsively, €.g., 15
to 30 minutes. Reducing the time lag so dramatically makes grid management
much easier for a grid operator. The ability to respond faster also is more
valuable to the grid operator, allowing a more responsive system to earn more

revenue than a slower responding system.

In one aspect, the present invention relates to a system for storing and supplying

thermal energy, comprising:

(a) a supply comprising a molten fluid,;

(b) a heating system that is thermally coupled to a flowing portion of the
molten fluid in a manner effective to allow the heating system to heat the
flowing portion of the molten fluid, Wherein the heating system is electrically
coupled to a source of electricity that supplies an electric current to the
heating system, wherein the heating system draws and uses the electric
current to generate heat used to heat the flowing portion of the molten fluid;

and

(c) acontrol system that uses information indicative of at least one condition
of the source of electricity to (i) controllably modulate the amount of electric
current drawn and used by the heating system as a function of time to heat
the flowing portion of the molten fluid to store energy from the source of
electricity in the molten fluid, wherein the amount of electric current draw is
increased and decreased as a function of time responsive to the information;
and (ii) to controllably modulate the rate at which thermal energy stored in
the molten fluid is discharged, wherein the rate of the discharge is modulated

as a function of time responsive to the information.

[00015] A method of storing thermal energy, comprising the steps of:

(a) providing a system for storing thermal energy according to Claim 1;

PCT/US2016/025993



WO 2016/164341 PCT/US2016/025993

(b) receiving signal communications provided by an operator of the

electricity source;

(c) using the signal communications to modulate electricity used by the

heating system to heat the flowing portion of the molten fluid; and

(d) wusing the signal communications to modulate the flow rate of the

flowing portion of the molten fluid.

[00016] A power system, comptising:

(a) an energy storage and supply system that stores and supplies

electrical energy on demand, comprising:
(i) a supply comprising a molten fluid;

(ii) a heating system that is fluidly coupled to the flowing portion of
the molten fluid in a manner effective to allow the heating system to
heat the flowing portion of the molten fluid to a temperature in the
range from 500 C to about 800 C, wherein the heating system is
electrically coupled to a source of electricity supplied at a voltage in

the range from about 480 volts to about 200 kV;

(iii)  a control system that uses information indicative of at least
one condition of the source of electricity to (i) controllably modulate
the amount of electric current drawn and used by the heating system
as a function of time to heat the flowing portion of the molten fluid to
store electrical energy from the source of electricity in the molten
fluid, wherein the amount of electric current draw is increased and
decreased as a function of time responsive to the information; and (ii)
to controllably modulate the rate at which thermal energy stored in
the molten fluid is discharged, wherein the rate of the discharge is

modulated as a function of time responsive to the information; and
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[00022]

[00023]

[00024]

(iii} a working fluid thermally coupled to the molten fluid in a
manner effective to transfer heat energy from the molten fluid to the

working fluid.
(b)  an additional power supply entity that supplies electrical energy;
(©) a grid operator;
(dy  aplurality of end users; and

(e) a distribution network that distributes electrical energy from the
energy storage and supply system and the additional power supply entity to

the end users.

In another aspect, the present invention relates to method of storing thermal
energy, comprising the step of using a system described herein to heat the

flowing portion of the molten fluid.

In another aspect, the present invention relates to method of making electricity,

comprising the step of using the system described herein to make electricity.
| Brief Description of the Drawings
Fig. 1 is a schematic diagram of an electric power system incorporating an
energy storage and supply system of the present invention.
Fig. 2 is a schematic diagram of the energy storage .and supply system of Fig. 1.

Fig. 3 is a schematic diagram of heating vessels used in the heating system of
Fig. 2.

Fig. 4 is a close-up, schematic view of a portion of a heating vessel of Fig. 3.
Fig. 5 is a schematic diagram of how the control system used in the energy
storage and supply system of Fig. 2 uses information in order to modulate

electric current draw of heating vessels and to modulate the flow rate of a

molten fluid used in the system of Fig. 2.

Fig. 6 is a graph showing electric current draw as a function of time for a

conventional heating system used to store thermal energy in a molten salt.
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[00032]

Fig. 7 is a graph showing electric current draw as a function of time for a
heating system of the present invention used to store thermal energy in a molten

salt.

Fig. 8 is an alternative embodiment of the system of Fig. 2 further incorporating

an additional heat source in the power block.

Fig. 9 is an alternative embodiment of the system of Fig. 2 further incorporating

a solar heat source in the molten fluid biock.

Fig. 10 is an alternative embodiment of an energy storage and supply system

using a single tank for handling molten fluid.

Fig. 11 is an alternative embodiment of an energy storage and supply system

using a flex tank system for handling molten fluid.

Fig. 12 is an alternative embodiment of the system of Fig. 2 further
incorporating an additional heat function in the power block to provide heat for

buildings.

Detailed Description of Presently Preferred Embodiments

The embodiments of the present invention described below are not intended to
be exhaustive or to limit the invention to the precise forms disclosed in the
following detailed description. Rather a purpose of the embodiments chosen
and described is so that the appreciation and understanding by others skilled in

the art of the principles and practices of the present invention can be facilitated.

Fig. 1 schematically illustrates an electric power system 10 incorporating an
energy storage and supply system 100 of the present invention. Electrical
power system 10 generally includes a network of elements that generate,
supply, distribute, and use electric power. Electric power system 10 can be a
large-scale system that encompasses the supply distribution and use of electrical
energy for a region, town, city, metropolitan area, state, or even a larger
geographic area. A large scale electric power system sometimes may be
referred to as “the grid.” Smaller electrical power systems are also
implemented for industrial sites, hospitals, commercial buildings, and homes,

often supplying, distributing, and using power at a single locale or portion(s) of
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a locale. The present invention advantageously may be integrated with electric
power systems of any scale, but is particularly useful in larger scale power
systems. For purposes of discussion, electric power system 10 has features of a
large scale electric power system that generates, supplies, and distributes
electric power for a plurality of users 30. Energy storage and supply system
100 of the present system is integrated into system 10 and functions as both a

supplier and a user of electrical power within the electric power system 10.

[00033] System 10 includes a plurality of power supply entities 11 that supply electric
power used in system 10. For example, system 10 may include at least one
intermittent power plant 12 and at least one dispatchable power plant 14.

Power plants 12 and 14 can use a variety of renewable and/or nonrenewable
resources to generate and supply electric power. Energy storage and supply
system 100 of the present invention also, as one function, serves as a supplier of
electric power generated, supplied and used in system 10. Electric power
suppliers 11, such as power plants 12 and 14 and energy storage and supply
system 100, supply electric power to distribution network 20 via transmission
lines 22a, 22b, and 22¢. In many instances, transmission lines 22a, 22b, and 22¢
carry electric power at relatively low voltages on the order of about 69kV to

500kV volts.

[00034] System 10 also includes a grid operator 16, also known as a transmission
system operator or simply as an operator. One function of grid operator 16 is to
manage the security of the power system in real time and to co-ordinate the
supply and demand for electricity. Desirably, grid operator 16 manages system
10 in a manner to avoid undue fluctuations in frequency or interruptions of
supply. The grid operator 16 may be owned by a transmission grid company or
may be fully independent. In some instances, a grid operator 16 is wholly or
partly owned by state or national governments. In many cases grid operator 16
is independent of electricity supplying entities (upstream entities) as well as

electricity distribution entities (downstream entities).

[00035] The grid operator 16 in many modes of practice works to maintain a continuous

{second-by-second) balance between electricity supply from power stations and
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demand from consumers. The grid operator 16 also may work to ensure the
provision of reserves that will allow for sudden contingencies. The grid
operator 16 may achieve this by determining an optimal combination of
generating stations and reserve providers for each market trading period,
instructing generators when and how much electricity to generate, and
managing any contingent events that cause the balance between supply and
demand to be disrupted. Grid operator staff may undertake this work using
sophisticated energy modelling and communications systems. Accordingly,
grid operator 16 exchanges communications comprising grid information with
other entities in the electric power system via communication pathways 18a,
18b, 18c, 19, 21a, 21b, and 21c. Each of these communication pathways

independently may include wired and/or wireless modes of communication.

The abilities of energy storage and supply system 100 to receive, store, and
supply electrical power are described in further detail below. As an overview
of these abilities, system 100 in one exemplary mode of practice serves as a
large scale facility for storing substantial amounts of electrical energy as
thermal energy in a molten fluid, such as molten salt. In exemplary modes of
practice, the system 100 serves as a rechargeable thermal battery for storing and
supplying electric enérgy on demand. System 100 modulates the rates at which
electrical energy is drawn from the electric power system 10 to heat the molten
fluid responsive to one or more kinds of grid information such as grid
conditions, grid frequency, energy demand, energy supply, energy price, signals
from the grid operator, combinations of these, and the like. Heaters integrated
into system 100 are operated at atypically high voltages to help allow the
thermal battery capacity to be charged efficiently and responsively to the grid
information. System 100 also modulates the rates at which electric energy may
be discharged responsive to one or more kinds of grid information. The
discharge may occur independently or may be coordinated with charging, as

desired.

To provide an appreciation of the energy storage capabilities of the present
invention, one embodiment of the present invention would provide at least 100

megawatt hours of storage. The charged system would be able to discharge in

10
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onec mode of practice at rates from 0 to at least 20 megawatts. At discharge
rates of 10 to 20 megawatts, the system could provide power for a period of 5 to
10 hours before needing to be re-charged. The system also would be able to
store thermal energy for extended periods of time. In other words, thermal
energy can be quickly incorporated into the thermal storage medium, and then
the thermal storage medium retains that heat very well, cooling down very
slowly. In some modes of practice, the system would lose less than 1% of heat
energy per day due to thermal losses during a period of inactivity. This would

allow electric energy to be stored for many days without undue thermal losses.

[00038] This is a substantial amount of energy storage and supply. To appreciate the
scale capabilities, consider that the average annual energy consumption of a
U.S. residence in 2012 has been reported to be 10.8 megawatt-hrs. This
corresponds to a daily energy consumption of (.0296 Megawatt-hrs per day for
each residence, which in turn corresponds to 0.00123 megawatts-hours per
hour. A small town with 5000 residences (a population of about 20,000 persons
if the average houschold includes 4 persons) would consume on average 6.2
megawatt-hours of electric power each hour. Exemplary embodiments of
system 100 having a storage capacity of at least 100 megawatt-hours could
supply the electrical needs for the residents of this town for over 16 hours in the
event of a power outage. In many situations, this amount of time is sufficient
for power to be restored. The present invention, therefore, is useful in one
mode of practice to provide back-up power during a power outage. Additional

uscs of the present invention are described below.

[00039] Still referring to Fig. 1, distribution network 20 includes a distribution network
24 to distribute electric power supplied by the power suppliers 11 to other
entities in the electric power system 10. In a typical situation, the distribution
network 24 comprises one or more power substations (not shown in Fig. 1;
shown as substation 26 in Fig. 2) coupled to each other via high voltage
transmission lines (not shown). In a typical situation, transmission lines
between substations operate at voltages on the order of about 69 kV to about
500 kV. Distribution network 24 supplies electrical power via transmission

lines 28a, 28b, 28c, and 28d (in many instances distributing power at 34 KV

11



WO 2016/164341 PCT/US2016/025993

[00040]

[00041]

[00042]

and below) to other entities including end users 30 and energy storage and

supply system 100.

Fig. 2 schematically illustrates energy storage and supply system 100 of the
present invention in more detail. System 100 serves as an energy storage and
delivery resource in which electric energy is converted into thermal energy that
is stored in a molten fluid and then delivered again, such as through a steam
cycle. Consequently, system 100 shall also be referred to herein as “ESDR
system 100.” The molten fluid can store the heat efficiently for a wide range of
time periods, even for long periods of time, if desired. In many modes of
practice, the storage period can range from 1 minute to eight weeks, preferably
4 hours to one day, ESDR system 100 advantageously modulates the heating of

the molten fluid responsive to information comprising grid information.

ESDR system 100 can be discharged at one or more later points in time on
demand to provide an energy output. ESDR system 100 advantageously
modulates the discharge of thermal energy from the molten fluid responsive to
information comprising grid information. The discharge modulation
advantageously may occur independently from or may be coordinated with the
charging of the molten fluid. The molten fluid, for example, can be charged
and discharged at different times, during time periods that overlap, or during the

same time period, as desired.

The energy output can be provided in one or more forms. For example, the
thermal energy stored in the molten fluid can be converted into other forms of
energy such as kinetic energy, pressure energy, acoustic energy, and/or
electrical energy. As another alternative, the thermal energy can be used
directly to provide thermal energy for heat exchange or other heating operation.
The heat can be used for industrial purposes to help provide heat to carry out
chemical reactions or other industrial process. The heat can also be used to heat
the interiors of structures to make the interiors more comfortable for occupants.
Fig. 2 shows an embodiment in which a combination of energy outputs is
derived from system 100 to ultimately supply electrical energy to substation 26.

Substation 26 is a component of the distribution network 24 shown in Fig. 1.

12
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[00045]

ESDR system 100 fills the need for storage devices that are able to store large
quantities of electrical energy to help improve the operation, efficiency,
maintenance, and other characteristics of large scale electric power systems.
For example, system 100 can store electricity during periods in which
electricity is available at low cost, or even negatively priced, and then re-deliver
the electricity later when the electricity can be supplied at higher prices. As
another example, ESDR system 100 can store large quantities of electricity as
thermal energy when the amount of electricity in electric power system 10
(Fig.1) exceeds demand. As still another example, system 100 can store and re-
deliver electricity to help absorb fluctuations in the amount of electricity being
distributed by electric power system 10 in order to make the distribution of
electricity more uniform. More uniform distribution is desirable in many
instances such as when demand fluctuates, electric power system 10 (Fig. 1) has

operational issues, or the like.

ESDR system 100 also allows electric power from intermittent sources such as
solar photovoltaics to be integrated more efficiently. For example, system 10
can store electricity for future use when current demand for electricity is
relatively low. This allows more electricity to be used that otherwise could be
wasted if the excess energy were not able to be stored. As another example, if
an intermittent power station 14 is producing more energy than is needed by the
distribution system, ESDR system 100 can absorb the excess energy for later
use when intermittent power station 14 is not producing any energy. In another
exampie, if a portion of electric power system 10 is damaged or otherwise
compromised, ESDR system 100 can supply electricity on demand until the

normal operation of system 12 can be restored.

In preferred modes of practice, ESDR system 100 is responsive to grid
information to modulate the rate at which electricity is drawn from the grid and
then stored as thermal energy. For example, ESDR system 100 may be
operating to store electricity during a period in which the electricity can be
harvested from electric power system 10 at relatively low cost or when the
electric power system is producing electric power beyond what is needed by the

current demand. Such a period, in some instance, may extend for up to several

13
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hours. Throughout such é time span, the supply and demand for electricity in
electric power system 10 can fluctuate on a short term basis. When grid
information indicates only a slight excess of energy, ESDR system 100 can
respond to that information by storing electricity at a slower rate. When grid
information indicates a sharp increase in over-supply of energy, ESDR system
100 can respond to that information by storing electricity at a higher rate. The
electric current draw can be modulated in real time to be quickly responsive to
grid conditions. Slower-responding systems provide less value to the grid
operator and may respond only after the grid information becomes obsolete.
The re-delivery of stored electricity also can be modulated in response to grid
information such as changing demand for electricity elsewhere in the electric
power system 10. ESDR system 100, in practical effect, is a smart,

rechargeable, thermal battery in such modes of practice.

ESDR system 100 includes as main components a molten fluid block 120, a
power block 160, control system 200, and power transmission system 250.
Molten fluid block 120 includes elements to allow ESDR system 100 to
function as a rechargeable battery to store electrical energy as thermal energy in
amolten fluid. In this embodiment, power block 160 incudes elements that
allow thermal energy stored in the molten fluid to be converted into electrical
energy. Control system 200 includes elements that allow ESDR system 100 to
communicate externally with one or more elements of the electrical system 10
(Fig. 1) into which ESDR system 100 is integrated. Control system 200 also
includes elements to control the operation of the elements in the molten fluid
block 120. Power transmission system 250 electrically couples ESDR system
100 to one or more other components of electric power system 10. For
purposes of illustration, power transmission system 250 includes elements that
facilitate receiving and transmitting electrical power with another component of

electrical power system 10 in the form of substation 26.

Molten fluid block 120 generally includes a first molten fluid tank 122, an
output heat exchanger 124, a second molten fluid tank 126, and a charging
station 128. First molten fluid tank 122 holds a first, relatively hot supply 130

of molten fluid. For example, in a mode of practice in which the molten fluid is
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a molten salt, the hot supply 130 may be at a temperature in the range from
about 400 C to about 800 C. A suitable temperature for the hot supply would
be 560 C +/- 10 C in one embodiment. Depending upon whether first molten
fluid tank 122 is full, partially full, or empty, the internal volume may include a
headspace 132 above the molten fluid supply 130.

[00048] First molten fluid tank 122 is a “hot” storage unit that holds a supply of
relatively hot molten fluid that has been “charged” with thermal energy at
charging station 128. When molten fluid block 120 is fully charged with
thermal energy, the first molten fluid tank 122 is relatively full and even may be
completely full such that there is no headspace inside the tank 122.

[00049] Fluid conduit 134 fluidly couples first molten fluid tank 122 to output heat
exchanger 124. This allows molten fluid from supply 130 to be 'conveyed to the
output heat exchanger 124. Pump 135 may be used to help this transport. Heat
exchanger 124 is used to output, or transfer, thermal energy from the molten
fluid to the power block 160. This heat transfer discharges the molten fluid in
the sense that thermal energy stored in the fluid is withdrawn as a consequence
of the heat transfer. The amount of molten fluid held in the first tank 122 is
generally reduced as the molten fluid is withdrawn via conduit 134 to be
discharged at the output heat exchanger 124. Because heat exchanger 124
interfaces with both the molten fluid block 120 and the power block 160, heat

exchanger 160 can be viewed as a component of both blocks.

[00050] Conduit 136 fluidly couples the output heat exchanger 124 to the second molten
fluid tank 126. Second molten fluid tank 122 holds a second, relatively cold
supply 138 of the molten fluid. Depending upon whether second molten fluid
tank 126 is full, partially full, or empty, the internal volume may include a
headspace 140 above the molten fluid supply 138. The second supply 138 is
cold relative to the hot supply 130 in that the molten fluid discharged thermal
energy to the power block in the output heat exchanger 124. The second molten
fluid tank 126, therefore, may be viewed as a “cold” storage tank for the molten
fluid. When the molten fluid block 120 is fully discharged such that the hot
storage tank 122 is empty, the cold storage tank 126 is relatively full, and even
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[00051]

[00052]

[00053]

may be completely full such that there is no headspace 140. Although colder
than the hot supply 130, the molten fluid of the cold supply 138 is still desirably
maintained in a fluid, molten state. For example, in a mode of practice in which
the molten fluid is a molten salt, the cold supply 138 may be at a temperature in
the range from about 230 C to about 350 C. In one embodiment a cold supply
at a temperature of 250 C +/-10 C would be suitable.

Conduit 142 fluidly couples second molten fluid tank 126 to the charging
station 128. Pump 143 may be used to help transfer molten fluid through
conduit 142. Charging station 128 is where electrical energy is converted into
thermal energy and stored in the molten fluid. From the perspective that molten
fluid block 120 is a battery, storing thermal energy in the molten fluid charges
the battery.

Charging station 128 generally includes an electrical heating system 144
supported upon an elevation structure 146. Heating system 144 is elevated
sufficiently high to allow heated molten fluid to drain by gravity into first
molten fluid tank 122 via conduit 147. To help modulate the electric current
draw by heating system 144 responsive to information comprising grid
information, a control system 200 including control panel 150 is
communicatively coupled to substation 26 via communication interface 202.
Electric power is drawn by heater system 144 from the substation 26 via
transmission line 252. Meter 254 is used to help monitor the flow of electric

power to control panel heating system 144.

In the operation of heating vessel 144, electric power is supplied via
transmission line 252 at high voltage in the range from 480 volts to 230 kV,
preferably 480 volts to 70,000 volts (e.g., 69,000 volts in an illustrative
embodiment), more preferably 48¢ volts to 40,000 volts (e.g., 32,000 volts in an
illustrative embodiment). A distinct advantage of the present invention is that
heating system 144 uses the electric power in this voltage range while
minimizing need for transformers to step down voltage to lower levels if
desired. In other words, the systems of the present invention are compatible

with voltage that is directly available. The present invention is able to use this
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atypically high voltage for heating by modulating the current at which the
heating equipment draws electricity. Operating the heater at such an atypically
high voltage avoids the expense of providing and operating an additional
transformer and aliows for efficient transfer of electrical power to heater system
144 with minimal power losses. Substantial electrical power is converted into

heat very efficiently at high throughput with such a high voltage interface.

[00054] Another advantage of using higher voltage levels is that finer wire can be used
for line 252 to transmit higher voltages. This is counterintuitive, but
transmitting a given amount of power at lower voltages requires much thicker,
more expensive wiring. Because wiring to handle so much power transmission
can be a significant expenses in creating such a charging system, being able to

use finer wire saves considerable sums.

[00055] In one illustrative embodiment, heating system 144 heats a cold supply of
molten fluid, e.g., a molten salt at a temperature of 250 C +/-10 C to a hot
temperature, e.g., 560 C +/- 10C, to charge the salt with thermal energy.
Notably, the heating system 144 brings the fluid from the cold, discharged state
to the hot, charged state using electric energy. As described below, solar
energy may be used in combination with electrical energy to help provide a
portion of the thermal energy used to bring the fluid from the cold to the hot
state. This charging of the fluid is distinguishable from heat tracing, freeze
protection, and similar system components that may be used to keep the fluid in
a molten state and to help prevent thermal shock as the hot fluid flows through
the system, regardless of whether such state is the hot, charged state, or the

cold, discharged state.

[00056] Figs. 3 and 4 show details of portions of heater system 144 in more detail. Fig.
3 shows an embodiment of heater system 144 comprising a plurality of heater
vessels 152 fluidly coupled in series. Fig. 3 shows a series of vessels 152 being
stacked in a 1 x 4 array, but other options may be used. For example, a greater
or lesser number of heater vessels may be used. In many suitable embodiments
using 1 to 10 heater vessels connected in series and/or in parallel may be used.

Molten fluid enters the bank of heater vessels 152 through inlet 153 and exits
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the bank of heater vessels from outlet 154 into conduit 147. Molten fluid flows
through heater vessels 152 along pathway 155.

[00057] Fig. 4 shows a close up schematic view of a portion of one of the heater vessels
152. Vessel 152 has a shell 156 defining an interior 157 through which molten
fluid (not shown) flows. Resistance heating elements 158 are deployed in
interior 157. In use, electric power heats the resistance heating elements 158,
and this heat is then transferred to the molten fluid. Control panel 150 responds
to control information in order to modulate the electric energy supplied to the
resistance heating elements. Consequently, the rate at which the molten fluid is

charged with thermal energy is modulated as well.

[00058] A wide range of materials may be used singly or in combination as the molten
fluid. Many suitable embodiments of a molten fluid have a melting point that is
sufficiently below the cold supply temperature to substantially avoid the risk
that the moiten fluid could fully solidify. In illustrative modes of practice, the
melting point of the fluid phase is at least 50 C, preferably at least 75 C below
the cold supply temperature. Many suitable molten fluids have boiling points
that are sufficiently above the hot supply temperature to substantially avoid the
risk that the molten fluid could boil. In illustrative modes of practice, the
boiling point of the molten fluid is at least 50 C, preferably at least 75 C above
the hot supply temperature. In one useful embodiment, a molten fluid is ina

molten state in a temperature range from about 200 C to about 650 C.

[00059] As an option, the molten fluid may incorporate one or more optional
constituents that may be dissolved or dispersed in the molten fluid. If
dispersed, these may be dispersed as fluids or solids in the molten fluid, in
which case the molten fluid serves as a molten liquid carrier for these dispersed
material(s). Examples of such optional constituents include phase change
materials, materials that allow the molten fluid to be used over a broader
temperature range, materials that make the molten salt more thermally or
electrically conductive, anti-corrosion materials, materials that adjust the
density of the molten fluid, surface tension modifying agents, combinations of

these, and the like.
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[00060] Exemplary molten fluids include a molten metal, metal alloy, intermetallic

[00061]

100062]

composition, molten salt, combinations of these, and the like. In more preferred
embodiments, the molten fluid comprises one or more molten salts. Exemplary
molten salts include LiF, LiCl, LiBr, Lil, KNO3, NaNQj3, NaF, NaCl, NaBr,
Nal, KF, KCl, KBr, KI, RbF, RbCl, RbBr, RbI, CsF, CsCl, CsBr, Csl,

combinations of these, and the like,

Referring again to the embodiment of ESDR system 100 shown in Fig. 2,
conduits 134, 136, 142, and 147 desirably are heated, such as by pipe traces or
other suitable heating techniques, in order to prevent thermal shock when
molten fluid is conveyed through system 100. Molten fluid can be circulated
throughout ESDR system 100 continuously or on demand. The flow rate of the
molten fluid also can be modulated on demand. Inmore preferred
embodiments, the flow of the molten fluid is coordinated with the modulated
electric current draw of heater system 144 in order to output molten fluid at a
desired temperature. For example, to achieve a particular output temperature at
a given electric current draw, a flow rate of the molten fluid is selected so that
the flow of molten fluid entering the heater system 144 at a particular
temperature is heated to the desired output temperature. If the electric current
draw is reduced responsive to grid information, less heating energy is available.
Consequently, to achieve the same output temperature, the flow rate of the
molten fluid is reduced in a manner effective to provide the desired degree of
heating. On the other hand, if the electric current draw is increased such that
more heating energy is available, the flow rate of molten fluid can be increased

in a manner effect to provide the desired degree of heating.

Power block 160 is used to recover thermal energy from the molten fluid. In
this embodiment, power block 160 is used to convert the recovered thermal
energy into electrical energy. In other modes of practice, the thermal energy
can be used to provide heat energy or can be converted into other energy forms
including electric energy, acoustic energy, pressure, kinetic energy, and/or the

like.
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[00063]

[00064]

Power block 160 generally includes a steam turbine 162 and a generator 164.
Conduits 166 and 168 fluidly couple turbine 162 to output heat exchanger 124.
A working fluid is circulated in conduits 166 and 168. In use, a working fluid
is heated in heat exchanger 124. Examples of working fluids include HyO as
well as alkanes, fluorinated alkanes, ethers and/or fluorinated ethers such as
isobutene, toluene, n-pentane, and the like. Heat is supplied by the hot molten
fluid supplied to heat exchanger 124 via conduit 134. The steam is heatedto a
much higher temperature and pressure via heat exchange with the molten fluid.
The molten fluid cools as a result and is conveyed to the cold storage tank 126.
The hot, pressurized steam drives turbine 162, causing turbine shaft 169 to
rotate. The rotation of shaft 169 allows generator 164 to generate electricity.
The generator 164 is electrically coupled to substation 26 via transmission line
256. The generated electricity is supplied by generator 164 to substation 26 via
transmission line 256. Meter 258 monitors the flow of electricity to substation

26.

In addition to control panel 150, control system 200 also may include other
features. Control system 200, for example, may include communication
interface 202 for communicatively interfacing with the grid operator 16 or other
components of electrical power system 10 (Fig. 1) into which ESDR system
100 is integrated. Examples of the kinds of grid information that can be
communicated to control system 200 via interface 202 include grid frequency, a
grid operator signal, electricity pricing for electrical power obtained from the
grid, pricing for electrical power supplied to the grid, a level of electric power
demand by the grid, a level of electric power supply to the grid, availability and
integrity of the grid, combinations of these and the like. For example, grid
frequency can be useful insofar as the ESDR system 100 is intended to stabilize
the balance of supply and demand of energy on the grid; if there is an excess of
supply relative to demand, grid frequency will increase, and ESDR system 100
could respond automatically by absorbing additional energy and returning the

grid to a balanced state.
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[00065] Control system 200 also includes a communication interface 204 for

[00066]

[00067]

communicating with control panel 150 in order to modulate the electric current
draw of heater system 144 responsive to grid information. Control system 200
also includes a communication interface 206 for communicating with other
components of molten fluid block 120. For instance, control system 200 can
use interface 206 to communicate with and help control pumps, heating traces
on conduits, valves, sensors, and the like. Control system 200 may
communicate via interfaces 202 and/or 204 and/or 206 via wired and/or

wireless transmission.

ESDR System 100 also includes power transmission system 250. This system
includes transmission lines 252 and 256 and meters 254 and 258, discussed

above.

In one mode of operation of ESDR system 100, molten fluid is heated, or
charged at charging station 128. The heating is modulated responsive to
information comprising grid information. The heating occurs under medium
voltage, e.g., 4,160 volts to 100,000 volts. In exemplary embodiments using
molten salt, the salt is heated to a temperature in the range from 500 C to 800 C.
Because the heating system 144 is elevated above tank 122 by the structure 146,
the heated molten fluid then drains by gravity from the charging station 128 into
the first molten fluid supply tank 122. There, the heated fluid is stored until it is
desired to recover the thermal energy in the fluid. While in tank 122, the hot
fluid may be mixed with a suitable mixing apparatus (not shown). Upon
demand, hot molten fluid is pumped from tank 122 to output heat exchange 124
in order to recover thermal energy from the hot molten fluid and transfer that
heat energy to a working fluid in power block 160. The heat transfer is
modulated responsive to information comprising grid information. After the
heat transfer, moiten fluid will have cooled to a lower temperature such as a
temperature in the range from 230 C to 350 C. The cooled molten fluid is then
conveyed to the second molten fluid supply tank 126 and stored there. While in
tank 126, the cooled fluid may be mixed with a suitable mixing apparatus (not
shown). The cooled molten fluid may then be circulated back to the charging

station 128 for another cycle of use.
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[00068]

[00069]

[00070]

Fig. 5 schematically shows how control system 200 generates control
instructions using information comprising grid information, system information,
and other optional information. In step 280, system 200 gathers information
that will be used to determine both an electric current draw for heater system
144 as well as a flow rate of molten fluid needed to heat the molten fluid to a
desired target temperature. The gathered information includes grid information
obtained by system 200 from interface 202. One type of grid information is a
grid signal that instructs the power that should be used at a particular time. In
some grids, such a signal is pulsed as a signal every 4 seconds. This grid signal
informs whether the grid allows the power used by ESDR system 100 to operate
charging station 128 needs to be turned down or can be turned up and still
comply with grid limitations. In other words, the grid signal indicates the
maximum power that can be drawn from the grid at a particular time. This
power limit changes with changes in grid conditions. In some instances, the
maximum available power might be used at charging station 128 to heat the
molten fluid. In other instances, less power might be used for heating. Other
grid information may include grid frequency, grid pricing, grid supply and
demand, current state of operation, schedule operations, outage details, and the

like.

The gathered information includes both static and dynamic information about
ESDR system 100. This information may include the current volumes of the
hot and cold portions of the working fluid, volumes of tanks 122 and 126,
working fluid properties and limits, desired working fluid temperatures in the
cold and hot portions of the cycle, current temperatures of the hot and cold
molten fluid portions, heater configuration, flow rates, and the like. System 200
may use sensors to gather such information. Other system information may be
stored and accessed in a memory. Control system 200 may also gather other
information such as ambient temperature, weather information, user demand

information and the like.

Based upon the gathered information, control system 200 in step 281
determines how much electricity to draw from substation 26 via transmission

line 252 to supply to heating system 144 in order to heat the molten fluid at that
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[00071]

[00072]

[00073]

time. Control system 200 outputs an instruction for heating system 144 to
operate at that level. In step 282, control system 200 determines a flow rate of
molten fluid that will heat the molten fluid to a desired target temperature when
heating in heating vessel 144 at the determined electric current draw. Fig. 5
shows step 282 occurring after step 283. In actual practice, the steps may occur

in any order or in parallel.

In step 283, control system 200 outputs instructions to control pumps, valves,
heating traces on pipes, etc. to accomplish the desired flow of molten fluid to
heater system 144. In step 284, control system 200 outputs instructions to cause
the flowing molten fluid to be heated by heater system 144 to the desired target
temperature. The heater system operates at the determined electric current draw
while the fluid flows at the determined flow rate. In step 285, the heated molten
fluid is conveyed to the hot supply tank 122. The process of Fig. 5 may be
repeated at a rate such that the electric current drawn by heater system 144 is
modulated in a manner sufficiently responsive to the current grid information so
that the heating response is undertaken before the grid information becomes

obsolete.

Figs. 6 and 7 schematically show how the heating strategy of the present
invention responsively draws electricity from the grid to carry out heating
operations. Fig. 6 schematically shows a constant draw mode of practice of the
prior art. Fig. 6 shows the amount of electric current draw of a heater used to
heat molten salt in a one day period. Initially, at t;, the heater used to heat a
molten fluid is not drawing electricity, and no heating of molten fluid is
occurring. Then, at time t;, a decision is made to draw electricity and operate
the heater. The electricity is drawn at a rate of E. This rate of draw than
continues at a constant level until a time t;, when the draw is stopped. Heating
also stops at this time. Note that the heater is turned on or off. While the heater

is on, the electric current is not modulated.

Fig. 7 schematically shows a responsive electric current practiced by the present
invention. Fig. 7 shows the amount of electric current of a heater used to heat

molten salt in a one day period. During some periods of time, the heater is off
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[00074]

[00075]

and no heating occurs. During other periods, the heater is on. Unlike Fig. 6,
however, the electric current is not constant while the heater is one. Rather,
control system 200 causes the electric current to be modulated responsive to
information comprising grid information. Such responsive modulation
provides the grid operator with finer control over the balance of supply and
demand on the grid. This finer control, in turn, enables and facilitates the
integration of intemiﬁent renewables, the avoidance of costly transmission and
distribution system upgrades, and the optimization of the operation of the

electrical grid.

Fig. 8 shows how a working fluid cycle in power block 160 can be
supplemented. In Fig. 8, ESDR system 10 of Fig. 2 is shown with an extra heat
source 302 incorporated integrated into power block 160. Consequently, the
working fluid may be heated either by heat exchange at heat exchanger 124 or
via heat exchange at supplemental heat source 302. Exemplary supplemental
heat sources include solar energy, gas energy, coal energy, nuclear energy,
and/or the like. This means that ESDR system 100 is easily integrated into a
wide range of existing working fluid cycies to allow ESDR system 100 to be
used as an additional heating source for working fluids in existing facilities.
ESDR system 100 can share equipment with the existing facility so that
integration with the existing facility is cost-effective and increases equipment
utilization. Examples of equipment that can be shared include a wide range of
common equipment such as pumps, plumbing, turbines, generators, steam/water

cycle equipment, and the like.

Fig. 9 shows how solar heating can be integrated into molten fluid block 120.
In Fig. 9, ESDR system of Fig. 2 is shown with a solar heating source 310
integrated into molten fluid block 120. Solar heating source 310 incudes a field
312 including a plurality of light redirecting elements that redirect and
concentrate solar energy (not shown) onto a receiver 314 on a central tower
316. A wide variety of light directing elements may be used in field 312.
These include 2-dimensionally contoured reflecting devices such as troughs,
Fresnel systems, 3-dimensionally contoured reflecting devices such as dish

reflectors, substantially planar devices such as flat mirrors, retroreflective
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[00076]

structures, combinations of these, and the like. The moilten fluid in cold tank
126 can be circulated via conduit 318 into tower 316 where heat transfer occurs
proximal to the receiver 314 to transfer thermal energy from the concentrated
solar energy to the working fluid. The heated working fluid is then conveyed
from tower 316 to the hot storage tank 122 via conduit 320. In this way, both
solar heating and grid responsive electric heating of the molten fluid are used in

combination.

Fig. 10 shows an alternative embodiment of an ESDR System 400 using a

single tank 402 for storing molten fluid. Moiten fluid circulates through conduits
404 and 406 from tank 402 to electric heater system 408 and then back into tank

402. Heater system 408 draws electric power from transmission grid 412 via

transmission line 414. The amount of electric current by heater system 408 is

modulated responsive to grid information by control system 416. As shown,

control system 416 receives grid signal 418 and uses that information to control

heater system 408. The molten fluid also circulates through conduits 420 and 422
from tank 402 to heat exchanger 424 and then back into tank 402.

[00077]

[00078]

Power block 426 generally includes a steam turbine 428 and a generator 430.
Conduits 432 and 434 fluidly couple turbine 428 to output heat exchanger 124.
A working fluid is circulated in conduits 166 and 168. In use, a working fluid
is heated in heat exchanger 124. Heat is supplied by the hot molten fluid
supplied to heat exchanger 424 via conduit 420. The steam is heated to a much
higher temperature and pressure via heat exchange with the molten fluid. The
molten fluid cools as a result. The hot, pressurized steam drives turbine 428,
causing a turbine shaft (not shown) to rotate. The rotation of the shaft allows
generator 428 to generate electricity. The generator 428 is electrically coupled
to substation 412 via transmission line 436. The generated electricity is
supplied by generator 428 to substation 412 via transmission line 436. Meter

438 monitors the flow of electricity to substation 26.

In practice, the relative amounts of hot and cold molten fluid fluctuate as the
fluid is charged with thermal energy and discharged. In order to reduce cost

and/or footprint, it would be desirable to be able to customize the volume of the
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[00079]

[00080]

[00081]

cold and hot tanks on demand to accommodate this variation. To achieve this
objective, Fig. 11 shows how the ESDR system 400 of Fig. 10 can be modified
for more flexibility in storing varying quantities of hot or cold molten fluid.
ESDR system 500 is identical to ESDR system 400, and similar parts are
numbered identically, except that single tank 402 is replaced with a plurality of
tanks 502, 504, 506, and 508 that are connected in series. Tank 502 serves as a
hot storage tank, while tank 508 serves as a cold storage tank. Intermediate
tanks 504 and 506 are “flex” tanks in that either or both can be used for hot or

cold storage on demand.

For example, when the system includes relatively equal amounts of cold and hot
molten fluid, tanks 502 and 504 can be used for hot stofage, while tanks 506
and 508 arc used for cold storage. If the system is fully charged so that all or
nearly all of the fluid is hot, tanks 502, 504, and 506 can be used for hot
storage. Depending upon the volumes at issue, even tank 508 could be used for
hot storage when the system is fully charged. If the system is fully discharged,
the bottom three tanks 504-508 could be used for cold storage.

In Fig. 2, the working fluid in the power block 160 is used to drive a turbine to
generate electricity. The working fluid also can be used to provide heat for a
wide variety of other purposes such as to provide heat in a building structure to
make the interior more comfortable for occupants, to supply heat for an
industrial process, to supply heat used to provide mechanical motion, and the
like. Fig. 12 shows a modification of ESDR system 100 of Fig. 2 including
such a modification. In Fig. 12, steam heat supply 550 is integrated into power
block 160. A portion of the working fluid heated at heat exchanger 124 is
diverted via conduit 551 to the steam heat supply 550 and used to provide
building heat or the like. A portion of the working fluid output from the turbine
also is diverted to steam heat supply 550 via conduit 556. After being used to
provide heat, the cooled working fluid from heat supply 550 can be returned to

the cycle via conduit 552 or discarded down drain 554.

All patents, patent applications, and publications cited herein are incorporated

by reference in their respective entireties for all purposes. The foregoing
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detailed description has been given for clarity of understanding only. No
unnecessary limitations are to be understood therefrom. The invention is not
limited to the exact details shown and described, for variations obvious to one

skilled in the art will be included within the invention defined by the claims.
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What is claimed is:

1. A system for storing and supplying thermal energy, comprising:
(a2) asupply comprising a molten fluid;

(b) a heating system that is thermally coupled to a flowing portion of the
molten fluid in a manner effective to allow the heating system to heat the
flowing portion of the molten fluid, wherein the heating system is electrically
coupled to a source of electricity that supplies an electric current to the
heating system, wherein the heating system draws and uses the electric
current to generate heat used to heat the flowing portion of the molten fluid;

and

- (¢) acontrol system that uses information indicative of at least one condition
of the source of electricity to (i) controllably modulate the amount of electric
current drawn and used by the heating system as a function of time to heat
the flowing portion of the molten fluid to store eleetrical encrgy from the
source of electricit_y in the molten fluid, wherein the amount of electric
current draw is increased and decreased as a function of time responsive to
the information; and (ii) to controllably modulate the rate at which thermal
energy stored in the moiten fluid is discharged, wherein the rate of the

discharge is modulated as a function of time responsive to the information.

2. The system of claim 1, wherein the source of electrical energy is a power

system comprising a grid operator.

3. The system of claim 2, wherein the information used to modulate the storage
or discharge the electrical energy comprises grid information provided by a grid

operator.

4. The system of claim 3, wherein the information comprises grid information
relating to an energy demand of the power system, a grid frequency, an energy price,

and/or a signal provided by the grid operator.
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5. The system of claim 1, wherein the electric current is used by the heater at a

voltage in the range from 480 volts to 230,000 volts.

6. The system of claim 1, wherein the electric current is used by the heater at a

voltage in the range from 480 volts to 70,000 volts.

7. The system of claim 1, wherein the electric current is used by the heater ata

voltage in the range from 480 volts to 40,000 volts.

8. The system of claim 1, wherein the control system causes the thermal energy
to be discharged as electrical energy at a discharge rate in the range from zero to 20

megawatts.

9, The system of claim 1, wherein the control system causes the thermal energy
to be discharged as electrical energy at a discharge rate in the range from 10

megawatts to 20 megawatts.

10.  The system of claim 3, wherein the control system causes electrical energy to
be stored in the molten fluid as thermal energy when the grid information indicates

that the electric power in the power system exceeds a demand for the electric power.

11.  The system of claim 3, wherein the control system causes electrical energy to
be stored and delivered in and from the molten fluid to help absorb fluctuations in

the amount of electricity being distributed by the electrical power system.

12, The system of claim 3, wherein the control system causes electrical energy to
be stored and delivered in and from the molten fluid to help the distribution of

electricity by the electrical power system be more uniform.

13.  The system of claim 1, further comprising a first molten fluid tank and a
second molten fluid tank, wherein the first moiten fluid tank holds a portion of the
molten fluid at a temperature in the range from 400 C to 300 C.

14.  The system of claim 1, further comprising a first molten fluid tank and a
second molten fluid tank, wherein the second molten fluid tank holds a portion of

the molten fluid at a temperature in the range from 230 C to 350 C.

29



WO 2016/164341 PCT/US2016/025993

15.  The system of claim 1, wherein the heating system comprises an elevated
heating vessels from which heated molten fluid drains by gravity into a molten fluid

tank at a temperature in the range from 400 C to 800 C.
16.  The system of claim 1, wherein the molten fluid comprises a molten salt.

17.  The system of claim 1, wherein the molten fluid comprises a phase change

material.

18.  The system of claim 1, wherein the system further comprises a solar heating
system that is thermally coupled to the molten fluid in a manner effective to store

concentrated solar energy in the molten fluid as thermal energy.

19.  The system of claim 3, wherein the control system causes a flow rate of the
molten fluid through the heater system and the electrical draw of the heater system

to be modulated responsive to the grid information.

20.  The system of claim 3, wherein the control system further gathers static and

dynamic information of the system for storing and supplying thermal energy.

21.  The system of claim 3, wherein the heater system comprises on and off
modes, wherein the current draw is modulated responsive to the grid information

while the heater system is in an on mode.

22.  The system of claim 1, further comprising a first molten fluid tank, an
intermediate fluid tank, and a second molten fluid tank connected in series, wherein
the first molten fluid tank stores a portion of the molten fluid that is refatively hot,
wherein the second molten fluid tank stores an additional portion of the molten fluid
that is relatively cold, and wherein the intermediate tank can be used to store

relatively hot or relatively cold molten fluid on demand.

23. The system of claim 1, further comprising a working fluid thermally coupled to
the molten fluid in a manner effective to transfer heat energy from the molten fluid

to the working fluid.

24. A method of storing thermal energy, comprising the steps of:

30



WO 2016/164341 PCT/US2016/025993

(a) providing a system for storing thermal energy according to Claim 1;

(b) receiving signal communications provided by an operator of the

electricity source;

(c) using the signal communications to modulate electricity used by the

heating system to heat the flowing portion of the molten fluid; and

(d) using the signal communications to modulate the flow rate of the

flowing portion of the molten fluid.

25. The method of claim 24, further comprising the steps of using the molten fluid

to heat a working fluid, and using the heated working fluid to generate electricity.
26. A power system, comprising:

(a)  an energy storage and supply system that stores and supplies

electrical energy on demand, comprising:
(i) a supply comprising a molten fluid;

(ii) a heating system that is fluidly coupled to the flowing portion of
the molten fluid in a manner effective to allow the heating system to
heat the flowing portion of the molten fluid to a temperature in the
range from 500 C to about 800 C, wherein the heating system is
electrically coupled to a source of electricity supplied at a voltage in

the range from about 480 volts to about 200 kV;

(iii)  a control system that uses information indicative of at least
one condition of the source of electricity to (i) controllably modulate
the amount of electric current drawn and used by the heating system
as a function of time to heat the flowing portion of the molten fluid to
store energy from the source of electricity in the molten fluid,
wherein the amount of electric current draw is increased and
decreased as a function of time responsive to the information; and (ii)

to controllably modulate the rate at which thermal energy stored in
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(b)
(c)
(d)
(e)

PCT/US2016/025993

the molten fluid is discharged, wherein the rate of the discharge is

modulated as a function of time responsive to the information; and

(iii) a working fluid thermally coupled to the molten fluid in a
manner effective to transfer heat energy from the molten fluid to the

working fluid.

an additional power supply entity that supplies electrical energy;
a grid operator;

a plurality of end users; and

a distribution network that distributes electrical energy from the

energy storage and supply system and the additional power supply entity to

the end users.

27.  The power system of claim 26, wherein the energy storage and supply

system is incorporated into an existing power generation facility.
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