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Thermal energy storage- TES - comprising:

at least two blocks or zones operated with respect
to charging and discharging of thermal energy by
flowing a heat transfer fluid - HTF - through the
block or zone; an inlet charging manifold; an outlet
charging manifold; inlet pipes arranged from the
inlet charging manifold to each block or zone; an
outlet from each block or zone; and further
structure as follows:

one or more of the valves: a flow control valve (vi1

arranged in at least one of block or zone inlet pipes,

inlets, outlets and outlet pipes, for control of flow
through the block or zone; a bypass valve (vi2)
arranged in inlet charging side pipe sections
between inlet pipe and serial flow return for the
block or zone, for bypassing flow and serial flow
control; and an outlet charging side switch valve

(vis) arranged in at least one of block or zone outlet

pipes and outlets, for control of serial flow and
parallel flow; and one or more of the pipes: an
outlet pipe from a block or zone outlet or a switch
valve in said outlet to the outlet charging manifold,
a serial flow return pipe arranged from a block or
zone outlet or from a switch valve in the outlet pipe
to the inlet charging side of a next in serial flow
block or zone. The invention also provides a
method for operating the thermal energy storage,
and use of the method.
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Modular thermal energy storage system, improved method of operation of such systems and

use of the thermal energy storage system.

Field of invention

The present invention relates to enhancing the overall performance of thermal energy storages
(TES). More specifically, the invention relates to modular thermal energy storages, for which
heat is transferred in and out of the storage by means of a heat transfer fluid (HTF) that flows
through a piping system, parts of which is positioned within thermal elements and parts of
which is positioned on the outside of the elements. Said elements preferably comprise a
suitable solid-state material, such as special type of concrete, with properties serving the
purpose of efficient transfer and storage of heat. In some embodiments, the invention relates
to patents that describe such technology, however, in other embodiments the invention relates
to thermal energy storages of other types. Many previous patents describe design and physical
properties of thermal energy storages, TES, in various embodiments. The present invention
provides TES system designs and methods of operation to enhance the overall TES capacity,
efficiency and rate of thermal energy charge and discharge, by way of expanding the dynamic
temperature range, maintaining stable temperature of the HTF, increasing versatility of

operation and reducing size and thereby cost.

Background of invention and prior art

Whereas electrochemical batteries serve the purpose of storing and delivering electricity, TES
serves the purpose of storing and delivering thermal energy. Thermal energy can then be used
directly as e.g. process heat (typically steam) or converted to electricity via a turbine-generator.
There are many applications for TES; one such is concentrated solar power (CSP) where surplus
thermal energy captured during sunshine hours can be stored and later discharged to maintain
power generation after sunset. Other applications can be found in energy intensive industries,
such as metal- and chemical industry, where large amounts of heat is discarded typically
because the temperature has dropped below the temperature required in the process, and the
energy cannot be reintegrated in another downstream process. The latter may often be caused

by the cyclic nature of the waste heat due to the process itself (e.g. batch process). In such
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case, TES can stabilize fluctuations and store energy over longer time periods, enabling on-
demand delivery of heat to other processes, or conversion to electricity and low temperature
heat via a turbine-generator. A TES may also be integrated directly in the steam cycle of a
steam-electric thermal power plant (coal, gas, oil, nuclear, biomass) to improve the power
plants flexibility in terms of increasing ramp rates and increasing the bandwidth of power
output, both reducing the minimum output and increasing the maximum output. It may also
enable less costly and energy-intensive starting and stopping of the plant. Increased flexibility
of thermal power plants enables the integration of more intermittent and variable renewable
energy such as wind- and solar photovoltaics; a TES may thus be an attractive alternative to

IH

“conventional” electric energy storage via electrochemical batteries, pumped hydro storage or
compressed air energy storage. A TES may also be charged directly with electricity (by way of
electrically heating the HTF), which may be attractive in cases of significant surplus electricity
that may otherwise be discarded. The stored energy can then be reconverted to electricity and
low temperature heat or made available for production of e.g. industrial process steam. There

are innumerable cases for which TES can create great economic value and contribute towards

higher energy efficiency and better environmental performance of the energy systems.

A series of previous patents, inter alia NO 332707, NO 337357, NO 339948, NO 339952, and NO
340371, describe a modular, solid state, thermal energy storage technology, methods for
building such storage, and utilizing such storage in a system context. This technology has been
tested and proven through long-term operation of a pilot storage in Abu Dhabi, UAE with
excellent results. Many different applications of this technology are expected to be
implemented in the years to come. Typical energy storage capacity of a TES may range from 10
MWh to several GWh. Clearly, very large amounts of energy can be stored and, accordingly,
such storage can be large and costly. It is thus clear that improvements of existing technology
with respect to enhancement of storage capacity, efficiency and quality of heat will have great

value.

Therefore, a demand exists for improvements of existing TES technology. The basis for this is
that, for instance, thermal energy can be stored at high temperature in a solid state thermal

element as exemplified in figure 1, which relates to NO 339948. Heat is transferred to and from
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the element by means of a HTF that runs through a system of integrated steel pipe heat
exchangers, as indicated by two U-loops in parallel as shown in figure 1, and the storage of
energy mainly takes place in a solid or a concrete-like material that surrounds the heat

exchangers within a cylindrical casing of thin steel. As described in NO 340371, thermal

elements can be connected and bundled together in a cassette which in turn may be stacked on

top of each other and placed side by side to provide a modular storage of any size needed, see
figure 2. However, the current invention does not only relate to such specific design of thermal
energy storage; it may equally well be applied in connection for other TES type solutions, such
as solutions described in NO 339952 where the HTF flows on the outside of the thermal
elements, see figure 3. A storage may have several such containments with many thermal
storage elements inside. The present invention provides enhanced overall thermal energy
capacity and performance. It is also to be noted that in one embodiment of invention of NO
339952 the charging of the storage may be flow of one HTF, for instance hot flue gas, on the
outside of the elements, while the discharge of heat is via a second HTF such as thermal oil,
which flows through cast-in heat exchangers within the thermal elements. The invention does

in general also apply to other forms of modular TES solutions.

Background art is described in patent publications GB 2459955 A and EP 2525051 Al.

Summary of the invention

The present invention is as defined in the independent claims, to which reference is made.

Preferable embodiments are defined in dependent claims, to which reference is made.

More specifically, the invention provides a thermal energy storage- TES - comprising: at least
two blocks or zones operated with respect to charging and discharging of thermal energy by
flowing a heat transfer fluid - HTF - through the block or zone; an inlet charging manifold; an
outlet charging manifold; an inlet pipe arranged from the inlet charging manifold to each block

or zone; an outlet from each block or zone; and further structure as follows:
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one or more of the valves: a flow control valve (vi1; Va1,.ve1 ) arranged in at least one of
block or zone inlet pipes, inlets, outlets and outlet pipes, for control of flow through the block
or zone; a bypass valve (vi2; Vaz,.Ve2) arranged in inlet charging side pipe sections between inlet
pipe and serial flow return for the block or zone, for bypassing flow and serial flow control; and
an outlet charging side switch valve (vis; Vas, Ves) arranged in at least one of block or zone outlet

pipes and outlets, for control of serial flow and parallel flow; and

one or more of the pipes: an outlet pipe from a block or zone outlet or a switch valve in
said outlet to the outlet charging manifold, a serial flow return pipe arranged from a block or
zone outlet or from a switch valve in the outlet pipe to the inlet charging side of a next in serial

flow block or zone,

wherein each block/zone can operate within the full temperature range of the TES, by
flowing heat transfer fluid through the blocks/zones for charging and discharging, respectively,
according to temperature of the heat transfer fluid and said blocks/zones, by operating said
valves to flow heat transfer fluid in serial and/or parallel, from higher temperature to lower
temperature blocks/zones or side when charging and from lower to higher temperate

blocks/zones or side when discharging.

The invention also provides a method of operating a thermal energy storage - TES -; wherein
the TES comprises: at least two blocks or zones operated with respect to charging and
discharging of thermal energy by flowing a heat transfer fluid - HTF - through the block or zone;
an inlet charging manifold; an outlet charging manifold; an inlet pipe arranged from the inlet
charging manifold to each block or zone; an outlet from each block or zone; and valves and
piping for mass flow rate control of HTF. The method is distinguished by one or more of the

following steps, in any combination:
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to mix and shift the flow of HTF, to and from blocks and zones, with respect to parallel
and serial flow, and with respect to flow direction, according to temperature, charging and

discharging of thermal energy,

to charge at least one block or zone with thermal energy to a temperature above a

maximum HTF outlet temperature from the TES,

to discharge thermal energy from at least one block or zone to a temperature below a

minimum HTF outlet discharge temperature from the TES,

to mix HTF from the outlet of two or more blocks or zones, fully or partially, by
operating one or more of an inlet pipe flow control valve and a switch valve of said block or

zone,

to bypass at least one block or zone from flow of HTF through the block or zone, fully or
partially, by operating one or more of a flow control valve, a bypass valve and a switch valve of

said block or zone,

wherein each block/zone can operate within the full temperature range of the TES, by
flowing heat transfer fluid through the blocks/zones for charging and discharging, respectively,
according to temperature of the heat transfer fluid and said blocks/zones, by operating said
valves to flow heat transfer fluid in serial and/or parallel, from higher temperature to lower
temperature blocks/zones or side when charging and from lower to higher temperate

blocks/zones or side when discharging.

Additional embodiments of the invention are provided by combining obligatory or preferable
embodiments with features herein described or illustrated, in any combination. Further
embodiments of the invention are provided by combining features herein described or

illustrated, in any combination resulting in functional embodiments.

Figures

The invention is illustrated by 23 figures, illustrating details, features and embodiments of the

present invention, as follows:
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Figure 1 shows a longitudinal and cross-section view of a thermal element 10 as described in
patent NO 339848. The element consists of two U-tube heat exchanger pipes 11 for transfer of
heat transfer fluid 12. These are cast into a solid-state material 13, which is typically a special
type of concrete with superior heat conductivity, heat capacity and strength properties at the
appropriate temperature regime. The element is surrounded by a steel casing 14 that serves

both as steel reinforcement and casting form.

Figure 2 shows how thermal elements can be bundled and connected within a steel cassette
frame 20 as described in patent NO 340371. The cassettes frames 20 serve the purpose of
efficiency and practicality in transport, handling, casting the elements with solid material 10,
and keeping the elements together for connecting heat exchanger pipes 11. A fully casted
cassette is termed a module 21 and has one common manifold pipe 22 for inflow and a
common manifold for outflow 23 (or vice versa). The modules 21 can be placed side by side and
stacked on top of each other to form a stack 24. A system of several modules that have one
common inflow pipe and one common outflow pipe and have its own set of valves that fully
controls the HTF flow is denoted a block. For instance, the assembly of 5 by 5 modules as
illustrated in the figure could form one block while, as shown in examples, it can be divided into

several blocks in parallel or serial configuration.

Figure 3 shows one of several alternatives with HTF flowing on the outside of the thermal
elements as described in patent NO 339952, There is a fully enclosing chamber structure with
thermally insulated walls 30. The chamber is filled with thermal elements 31 with a spacing
between the elements such that the HTF can flow from the hot side 33 to the cold side of the
chamber 34. Alternatives to previously mentioned thermal elements may be stone pebbles,
bricks, ceramic elements, or forms of granular materials that can withstand the heat from the
hot HTF flowing around. The HTF is fed from an inlet on one side 35 to an outlet 36 on the
opposite side when the storage is being charged, and vice versa when the storage is being
discharged. The principle for charging and discharging is, in principle, similar to systems with
internally cast heat exchangers. A storage consisting of several chambers with separate systems

for control of inflow for charging and discharging can be operated according to the current
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invention. The thermal elements can be as illustrated in Figure 1, or different, for example

without cast-in heat exchangers 12 and/or without a steel casing 14.

Figure 4 illustrates the concept of a “serial element” which is an expression of a series of
thermal elements that are connected by a continuous, single heat exchanger pipe that goes
from the manifold pipe on one side of a block to the manifold of the other side of a block. A
block thus represents a given number of serial elements in parallel that share the same location

for inflow and outflow of HTF.

Figure 5 illustrates the shaded envelope of temperature variation along the length of a serial
element for a complete cycle of charging and discharging of heat. This envelope may be
compared to “the theoretical potential for thermal energy storage” as represented by the area
of the rectangle formed by the difference between inflow charging temperature T and inflow
discharge temperature Tqi times the heat storage capacity per length unit for the full length of

the serial element.

Figure 6 illustrates the layout of a parallel system with pipes and valves for an example of a

total of five blocks.

Figure 7 shows a diagram of the outflow temperature of HTF from the cold end of a block in a
parallel system during charging, as function of time. The outflow temperature starts with the
previous inflow temperature Tg from the discharge phase and increases gradually until the

allowable maximum outflow temperature Teo,max has been reached.

Figure 8 shows a diagram of the outflow temperature of the heat transfer fluid from the hot
end of a block in a parallel system during discharging, as function of time. The outflow

temperature starts with the previous inflow temperature T from the charge phase and

decreases gradually until the allowable minimum outflow temperature Tgomin has been reached.

Figure 9 shows a diagram of combined outflow temperature (continuous drawn line) as
function of time during charging for a parallel system of blocks that is operated with gradual
shift of flow through the various blocks; the case illustrated shows a maximum of three blocks

being engaged at the same time. The valves are balanced in such a way that the outflow
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temperature after a while is kept constant at Tcomax. An important result for this particular
configuration is that the actual outflow temperature from the individual blocks a, b, cand d can
go beyond the defined maximum combined charge outlet temperature of the entire system;
this implies achieving an enhanced thermal energy storage level, by way of extending the
envelope illustrated in figure 5 with respect to Tco,max. NOte also that the initial start
temperature T depends on how the system has been previously operated during discharging.

In most cases T will be close to the discharge inflow temperature Tgi.

Figure 10 shows a diagram system of combined outflow temperature (continuously drawn line)
as function of time during discharging for a parallel system of blocks that is operated with
gradual shift of HTF flow through the various blocks; the particular case shows a maximum of
three blocks being engaged at the same time. The valves are balanced in such a way that the
combined outflow temperature after a period of time is kept constant at Tgo,min. An important
result is that the actual outflow temperature from individual blocks can go below the defined
minimum temperature; this implies achieving a deeper level of thermal discharging, by way of
extending the envelope illustrated in figure 5 with respect to Tgo,min. Note also that the start
temperature Tg4s depends on how the system has been previously operated during charging. In

most cases Tgs will be close to the charge inflow temperature Tg.

Figure 11 shows a diagram corresponding to figure 5 where the thermal envelope has been
extended with the vertically shaded areas by use of a described operation strategy with parallel
flow with mixing of individual outflow temperatures and shifting of blocks engaged; this implies

better utilization of the energy storage potential of the thermal energy storage.

Figure 12 illustrates the layout of a serial system with pipes and valves for an example of a total

of five blocks.

Figure 13 shows in more detail how the HTF flow through a serial block may be split into one

part that bypasses the block and one part that goes through the block.

Figure 14 shows a diagram of system outflow temperature (fully drawn line) as function of time
during charging for a serial system of blocks that are operated with shift of flow through the

various blocks; the diagram illustrates a case with maximum of two blocks being engaged at the
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same time. The charging process starts with passage through the first block only until the
outflow temperature has reached Teo,max. At that moment, the next bypass valve is closed and
the flow is directed through the first two blocks. When the outflow temperature again reaches
the allowed maximum level the first block is bypassed and the flow is sequentially directed
through the next block by closing the associated bypass valve. This process of closing and
opening bypass valves is thus continued through the whole series of blocks. It is to be noted
that main parts of the storage can be charged beyond the prescribed maximum outflow
temperature; a drawback is that the system outflow temperature varies with time. Note also
that the initial start temperature Tcs depends on how the system has been previously operated

during discharging. In most cases T will be close to the discharge inflow temperature Tg;.

Figure 15 shows a diagram of system outflow HTF temperature (full drawn line) as function of
time during discharging for a serial system of blocks that are operated with shift of HTF flow
through the various blocks; the diagram illustrates a case with maximum of two blocks being
engaged at the same time. The process starts with reversed flow and passage through the end
block only until the outflow temperature has reached Tgo,min. At that moment, the next bypass
valve is closed and the flow goes also through the next block. When the outflow temperature
again reaches the minimum the end block is bypassed and the flow is sequentially directed
through the next block by closing the associated bypass valve. This process of closing and
opening bypass valves is thus continued through the whole series of blocks. It is to be noted
that main parts of the storage can be charged beyond the prescribed minimum outflow
temperature; a drawback is that the system outflow temperature varies with time. Note also
that the start temperature Ty4s depends on how the system has been previously operated during

charging. In most cases Tgs will be close to the charge inflow temperature Tq.

Figure 16 shows a diagram of system outflow temperature (continuously drawn line) as

function of time during charging for a serial system of blocks that is operated with gradual shift
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of flow through the various blocks; the case shows a maximum of two blocks being engaged at
the same time. The bypass valves are balanced in such a way that the outflow temperature
after a while is kept constant at Tcomax. Note that the actual outflow temperature from
individual blocks can go beyond the same maximum temperature; this implies achieving an

enhanced charging level..

Figure 17 shows a diagram of system outflow temperature (continuously drawn line) as
function of time during discharging for a serial system of blocks that is operated with gradual
shift of flow through the various blocks; the case shows a maximum of two blocks being
engaged at the same time. The valves are balanced in such a way that the outflow temperature
after a while is kept constant at Tgo,min. Note that the actual outflow temperature from
individual blocks can go below the same minimum temperature; this implies achieving a deeper

level of discharging.

Figure 18 corresponds to the case of charging shown in figure 16 with the difference being that
as much as three blocks are being engaged at one time rather than two as described in the
previous case. The purpose of this case is to illustrate the flexibility of the current invention.

The figure is self-explanatory in view of the description of figure 16.

Figure 19 shows another option of operating a serially configured system during charging
according to the invention. Initially the flow first goes only through the first block until the
outflow temperature reaches Tcomax While all other blocks are bypassed (bypass valves open).
At that moment, the bypass valve for the second block is gradually closed while the bypass
valve for the first block is kept closed. The regulation of the second bypass valve is done in such
a way that the mix of flow through the second block and the flow that bypasses this block
maintains the desired temperature of Teo,max. When the bypass valve for the second block is
fully closed the bypass valve for the third block is gradually closed such that the flow through
the first two blocks is gradually mixed with flow through the third block to ensure that the
mixed outflow keeps the desired temperature. The same process is continued for the following
blocks. The procedure gives a very high charging of energy for most of the storage beyond the

maximum temperature limit, while the downside is that the pump pressure must be increased
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for every new block that is engaged to keep the desired mass flow through an increasing

number of blocks.

Figure 20 shows the discharging procedure, corresponding to figure 19, where the flow is
reversed, and the inflow starts from the opposite end. Initially the flow goes only through the
first block until the outflow temperature reaches Tgomin While all other blocks are bypassed
(bypass valves open). At that moment, the bypass valve for the second block is gradually closed
while the bypass valve for the first block is kept closed. The regulation of the second bypass
valve is done in such a way that the mix of flow through the second block and the flow that
bypasses this block maintains the desired temperature of Tqgomin. When the bypass valve for the
second block is fully closed the bypass valve for the third block is gradually closed such the flow
through the first two blocks is gradually mixed with flow through the third block to ensure that
the mixed outflow keeps the desired temperature. The same process is continued for the
following blocks. The procedure gives a very deep charging of energy for most of the storage
below the minimum temperature limit while the downside is that the pump pressure must be
increased for every new block that is engaged to keep the desired mass flow through an

increasing number of blocks.

Figure 21 illustrates a complete system design of the invention enabling for the storage to be
operated in either parallel modes or serial modes, or combination thereof. Connected with

o
|

each block “i” there is an inflow valve vi1, and a bypass valve vi;. The lower side of the diagram
shows for each block pipe coupling with the lower main pipe as well as a back-loop pipe to the
upper main pipe. A three-way valve vis determines whether the flow associated with the block

is connected directly to the lower pipe (parallel mode) or the back-loop pipe (serial mode).

Figure 22 is a schematic illustration of a three-way valve system controlled by two, simple
valves that are operated in opposite opening and closing positions. The positions of these
valves determine whether the flow corresponds to parallel or serial modes or mixed parallel

and serial flow.

Figure 23 is a schematic illustration of a storage which may be divided into different zones that

are operated with time cycles such as daily cycles, weekly cycles and energy reserve. The
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different zones may be charged and discharged in parallel mode or serial mode or combinations

thereof.

General description for understanding the principles of the invention and the figures

In the following, any representation of modular, thermal energy storage is considered, including
those that have been specifically mentioned, including vertical and/or horizontal orientation of
the storage elements. It is assumed that different parts of the storage are connected by way of
pipes and valves such that HTF inflow from a main trunk pipe is split into branch pipes and
thereby gain access to all or most elements in the storage. To describe and explain the

invention clearly, several concepts and definitions will be introduced.

A series of thermal elements that are connected by continuous heat exchanger pipes in a fixed,
serial manner will be defined as a “serial element”; thus, a serial element may consist of several
single elements. Typically, the serial element forms the basis for analysis of heat transfer during
charging and discharging and may computationally be treated as “one element”. An example of
a serial element may be seen in figure 2 where the desigh comprises a series of parallel heat
exchanger pipes that enable parallel flows of HTF from the top to the bottom of a stack of 5
modules. A serial element is thus the sum of individual elements that are connected by a
continuous pipe system from one end or side of controlled HTF inflow to another end or side of
outflow. Thus, when analyzing the response of a storage during charging, discharging and
resting periods, the combination of thermal elements that are serially coupled may be
considered as being “one element” in a computational sense. During numerical modelling, the
serial element is typically broken up in smaller “finite elements”; however, these do not have to

coincide in length with the physical, thermal elements.

The serial elements can be arranged in a parallel manner in a storage as shown for modular
units that are stacked on top of each other in figure 2. Further, a storage may contain many
such stacks. It is to be noted that the thermal elements, in the case of using the design of figure
1, are of “double U” type which means that there are two parallel pipes that goes in and out of

each element, each having total length 2 times element length L and associated solid state
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material (such as concrete) per unit length equal to one fourth of the total cross-sectional area

of the thermal element.

A group of serial elements arranged in parallel, for instance several stacks of modules, that are
fed from the same manifold pipe, and controlled by the same valves, is defined as “a block”.
Thus, a block consists of multiple parallel heat exchangers surrounded by solid state thermal
storage material (such as concrete) that are served from a common manifold in either flow
ends, whereby the inflow and outflow can be controlled by block valves. As example, let us
assume that the five stacks of five modules each in figure 2 are connected by common
manifolds at the top and bottom and that the flow in and out of these manifolds are controlled
by associated valves. There are 63 elements (9 horizontally x 7 vertically) in each module. As
seen from figure 2 this corresponds for this case to 9 x 2 x 5 =90 "serial elements”, each with

storage length Li=L x 2 x 7 x 5 = 70L, where L is the length of an individual storage element.

In the simplest case, and as prior state of the art technology has been described, all parts of the
storage will in fact have the same HTF flow where main top and bottom trunk pipes by way of
manifolds split the heat transfer fluid equally into all parts of the storage; i.e. all serial elements
will get the same mass flow and have the same temperature distribution along the full length.
The current invention provides an innovative design with a special way of organizing pipes and
valves such that the overall performance of the storage becomes significantly enhanced
through increased, overall storage capacity and control of combined outflow temperature

levels suitable for the overall system of heat source and heat sink (use of heat).

Important motivation and basis for the current invention is illustrated in figure 4 and,
particularly, figure 5. Figure 4 is a simplified illustration of a serial element, described above, as
a representation of many connected elements and parallel flows within a block. Thus, the serial
element is one of many equal and parallel components within a block that are operated in the
same manner. Since all serial elements in the block are subjected to the same heat transfer
fluid condition, analysis of thermal response for the whole block is simply achieved by

multiplying the results for a single serial element.
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Two operating conditions or operating modes are to be considered, they are the charge phase
with delivery of thermal energy to the storage, and the discharge phase with extraction of
thermal energy from the storage. In the charge phase the inflow condition for a serial element
is defined by the HTF inflow temperature T and the mass flow m. (kg/s). The resulting outflow
condition during charge is characterized by the HTF outflow temperature T¢, while the mass
flow, or the flow rate, is generally the same m. for an incompressible fluid. The HTF flow is
normally reversed during discharge of heat with an inflow temperature Tgi and mass flow mqg
and with resulting outflow temperature of Tgo. In some applications, there will be periods of
rest in between the charging- and discharging phases. During these intermediary rest phases,
the HTF mass flow is zero and hence no interchange of thermal energy between the TES and
the external system to which the TES is connected, but there will be some heat transfer within
each element itself. The reason for this is simply that the temperature varies both in the
transverse direction from the heat exchangers as well as in the length direction, and that
temperature gradients results in heat flux and is followed by more even temperature
distribution. This effect is normally much more significant in the radial direction normal to the
heat exchanger than in the length direction. Resting periods must be included in the calculated

time dependent simulation of the thermal performance of the storage elements.

Figure 5 illustrates aspects of motivation for the current invention. The two axes in the diagram
are the length direction (x) of a serial element and the other axis (T) is the temperature of the
HTF flowing through the heat exchanger pipe. When charging with an inflow temperature T
after a discharge cycle, the temperature along the length of the heat exchanger moves upwards
from the lower discharge curve in the figure up to the upper curve which indicates the
temperature distribution when the charging process is stopped with a maximum outflow
temperature of Teo,max. An intermediate temperature curve for HTF during charge is shown with
a dotted line starting from T.i. Teo,max May be a prescribed maximum temperature for the HTF
outflow associated with temperature requirements for the overall HTF loop including maximum

return temperature to the heat source.

The “reversed” discharge process starts from the initial condition of the upper curve with

discharge inflow temperature of Tqi. The temperature curve along the length of the storage is
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gradually lowered with time until the discharge process is stopped with a discharge HTF outflow
temperature of Tgomin. An intermediate temperature curve for HTF during discharge is shown
with a dotted line starting from Tgi. Tdo,min May be prescribed value given by requirements by the
connected heat sink. For some applications one may assume that the charge inflow
temperature T and the discharge inflow temperature Tq; are constant; however, this is not

necessarily the case for all applications.

What may stop the charging cycle is that the charging rate decreases when the temperature in
the storage medium rises, and subsequently, that the outflow temperature Tcomax reaches a
maximum in relation to the heating cycle return loop. An example of this is that HTF oil flowing
back into a concentrated solar power field must not get too hot simply because this may cause
damage to the HTF in the solar energy receptors and the mass-flow must be increased
(efficiency of solar field is reduced). Similarly, during heat discharge, the discharge cycle may
have to be stopped when the HTF outflow temperature reaches a specified minimum level of
Tdo,min. An example of such an imposed limit is that the temperature required for use of the
heat in a steam turbine-generator system cannot go below a certain limit due to efficiency and
turbine requirements. Alternatively, the mass flow may be decreased to lessen the temperature

drop.

When considering figure 5 it is seen that the entire serial element could, in principle, be
charged to temperature T4 by continuing the charging process long enough in time, see upper
line of constant Tg. Similarly, the entire serial element could, in principle, be discharged down
to the discharge inflow temperature Tqi by continuing the discharge process long enough. What
prevents such utilization is what is already mentioned, a rate of heat transfer that drops more
and more, or alternatively, a HTF mass flow that keeps increasing beyond limits imposed by the
external system, and that the HTF outflow temperature goes outside acceptable limits in
relation to the associated heat source and the heat sink. Clearly, such restrictions imply severe

bounds on the utilization and efficiency of the storage.

Regarding storage capacity and utilization, it is seen that the area within the “hysteresis curve”

represented by the upper charge temperature curve Tmax from T to Teomax and the lower
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temperature curve Tmin from Tgi to Tdo,min, gives an illustration how much dynamic, thermal
energy is stored during one complete, thermal cycle. In somewhat simplified terms, the actual

energy stored and discharged during a cycle can be expressed by the formula

Qo =) [,"" q dT dx (1)

Tmin

g is the heat capacity per unit length and degree for the element (derived from material

property and integral over the associated cross section area).

The theoretical, maximum storage capacity is simply the area of the rectangle in the diagram

formed by the length L and the difference between T and Te

Qe =q L (T — Tas) (2)

The ratio between the two energy terms expresses a factor that may be termed the storage

utilization factor

_ %
n=2, (3)

This is a theoretical expression of capacity utilization where 77 less than 1 does not mean that
there is any loss of thermal energy as such. This factor will in fact approach 1 if one just keeps
on charging and discharging, respectively, long enough. Thus, the utilization factor mainly

expresses how much of the theoretical storage potential is being utilized in the actual use case.

The present invention provides a method and system configuration for a modular TES that
results in an increased storage utilization factor (increased #) while at the same time satisfying
requirements for temperature, mass flow and temperature stability of the HTF outflow during
both charge and discharge phases. As will be explained, during such operation specific parts or
blocks within the overall storage may preferably go above the prescribed overall HTF outflow
temperature limit Tco max during charging at the same time as the combined HTF outflow
temperature for the entire storage complies with this requirement. Likewise, during discharge,
parts of the storage (blocks) may be allowed to have a HTF discharge temperature that goes
below Tgo,min While the combined HTF outflow temperature for the entire storage complies with

this requirement.
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Detailed Description of the invention

To explain the invention in further detail, it will be necessary to define some new terms in

addition to the block concept that has been introduced earlier:

By a zone is meant a part consisting of one or several blocks within the total storage that
is operated in a coordinated charge and discharge cycle which may be different from the
rest of the total storage. Charging and discharging in a zone or block is uniformly or

coordinated, controllable by regulating one or more valves.

By mixing is meant that HTF flow from two or more blocks or zones are mixed together
by way of regulating valves. Mixing, partially or fully, is controllable by regulating one or
more valves. Mixing can be made gradually or stepwise over time and takes place within

the TES.

By shift is meant that parts of the total storage (a block or a zone) is stepwise engaged
or disengaged by way of opening or closing valves, partially or fully. Zones or blocks are
coupled inline for flow of HTF, partially or fully, controllable by regulating one or more

valves.

By mass flow rate or flow rate is meant the mass flow rate of HTF; kg HTF/second. The
mass flow rate is directly proportional to the volumetric flow rate, dependent on the

HTF specific density, as the skilled person will know.
Some further definitions and clarifications are as follows:

The HTF-Heat Transfer Fluid- is a liquid, a gas or a two-phase liquid-gas. Examples of liquids are
thermal oils, water and molten salts. Examples of gases are steam, hydrocarbon gases, exhaust,
flue gas and air. Examples of two-phase HTFs are water-steam and hydrocarbon liquid-gas

compositions or - fluids.

The temperature limits for HTF flowing into and out from the TES are not governed by the TES

itself, which in blocks and zones thereof can and preferably is operated beyond said limits, but
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by external equipment and systems or the HTF itself. The overall HTF outflow temperature limit
Teo,maxduring charging is limited by maximum HTF return temperature for efficient or possible
operation of thermal energy source systems. The overall HTF outflow temperature limit Tdo,max
during discharging is limited by maximum HTF temperature limits of external equipment like
pumps and turbines. The HTF itself set limits, by boiling or being too hot for source system
return. The minimum temperature limits Tco min, Tdo,min are governed by increasing viscosity or
solidification of the HTF, and minimum temperature for efficient turbine operation. Connected
sources impose limits by maximum HTF delivery temperature and minimum HTF return flow

temperature.

The direction of flow of HTF is preferably reversed for charging and discharging. Terminology
for inlet and outlets are thereby opposed, for example the charging inlet manifold becomes the
discharging outlet manifold. For clarity, usually only the flow direction for charging and the
resulting function of structure is used when describing and defining the invention. The skilled
person must know that flow directions and terminology usually are opposed from charging to
discharging. However, the flow direction for charging and discharging may be the same, and in
such situation the terminology is not opposed. An alternative terminology that can replace
inlet charging side, outlet charging side, inlet discharging side and outlet discharging side, and
corresponding terminology for the TES, the method and use of the invention, are warm side or
warmer side, and cold side or colder side, since the TES, unless very long resting or non-active
period will have one warm or warmer side and one cold or colder side. More specifically,
assuming flow reversing for charging and discharging, inlet charging side and outlet discharging
side can be termed warm side or warmer side. And outlet charging side and inlet discharging
side can be termed cold side or colder side. For example, inlet charging manifold and inlet pipe
can be termed warm side manifold and warm side pipe, respectively, and so on. And the bypass

valve is on the warm or warmer side.
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Terminology like inlet and outlet are defined with respect to flow direction, usually during

charging, unless specifically described. The physical location of inlet side piping and valves is

usually on the same physical side of blocks, zones or the whole TES as the outlet side piping and

valves, thereby minimizing piping distances and thermal energy loss from piping and valves.

The flow control valve, for control of flow through a block or zone can be in the charging side
inlet pipe, alternatively termed the warm or warmer side inlet pipe, or preferably in the outlet
charging side pipe or cold or colder side pipe, since the thermal wear is lower due to lower

temperature on the cold or colder side.

As will be shown later, operation of the thermal energy storage by way of mixing and shifting
between blocks or zones require additional piping and valves beyond what is necessary for
operating the entire storage in simple, parallel, synchronous mode. A benefit of the described
invention is cost savings since the actual size of the storage can be reduced without reduction
of performance, or, alternatively, achieving increased storage capacity without increasing the
actual size of the storage. Another benefit is to be able to keep the temperature of the
combined outflow from the total storage constant, or within prescribed limits, during both

charge and discharge phases.
First embodiment: Parallel configuration

Two main topological configurations of blocks will now be considered, namely parallel and
serial configurations. Figure 6 is showing, as an example, 5 blocks denoted “a” through “e” in
parallel configuration where the HTF flow through each block is controlled by an associated,

adjustable valve, (vi1; va1,.ve1). If all valves are open the temperature history in each respective

block during charging and discharging will correspond to the curves shown in figure 5 where the

temperature distribution curve for all blocks moves back and forth between the bottom curve
up and the upper curve during thermal cycling. The process has to be discontinued when the

outflow temperature reaches a pre-defined, acceptable maximum of Tcomax OF Tdo,min
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Figure 7 shows the outflow temperature during charging as a function of time with
discontinuation of the process at the time when the outflow temperature reaches its
acceptable maximum. As seen, the combined HTF outflow temperature Tco increases with time
from the minimum Tg; (the cold end having the previous discharging temperature) up to the
maximum HTF outflow temperature Tcomax When the charging process is stopped, see also

figure 5.

During discharging of heat from the storage, the flow is reversed and the temperature
distribution through all storage blocks changes with time from the upper temperature curve, as
in figure 5, down to the lower temperature curve. The discharge process is stopped when the
temperature reaches a defined acceptable minimum Tgo min for the outflow. Figure 8 shows the
outflow temperature during discharge as function of time with termination of the discharging

when the limit for acceptable HTF outflow temperature has been reached.

It should be noted that the time periods for charging tc and for discharging tq do not have to be

the same; this depends on the overall system conditions with the heat source and the heat sink.

The mass flows Mcharge and Mischarge are also variable parameters that can be different for the

two phases and even change with time.

Figure 6 indicates that each of the blocks in parallel configuration may have its own adjustable
valve that controls what share of the total HTF flow will flow through that specific block.
Clearly, the flow through one block also depends on the valve settings for the other blocks. As
will be shown, the current invention defines a method by which the heating of individual blocks
during charging can go beyond the prescribed HTF outflow maximum temperature Tco,max While

the combined outflow from several simultaneous blocks is kept exactly at the prescribed limit.

Figure 9 illustrates the method by which this can be achieved. For simplicity, it is assumed that
the cold sides of the of all blocks have the same starting temperature T at the onset of the
heat charging process. During the first phase of the charging process, the HTF mass flow
through block “a” and “b” which are in parallel is equal. When the combined outflow
temperature reaches Tco,max, Valve va is gradually closed while valve v is gradually opened

resulting in injection of colder fluid from block “c” into the combined HTF flow; in this way the
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combined outflow temperature is maintained at Tco,max. At time te it is no longer possible to
keep this temperature level constant, and valve vq for the cold block “d” must be engaged while
valve v, for block “b” is gradually closed. At time tc3 it is again impossible to keep the combined
outflow temperature at the maximum prescribed level, and the cold block “e” must be
gradually engaged. By continuing this procedure block vc is fully closed at time tcs and, finally
the total charging process is terminated at time tcs when the outlet temperature from block “e”

has reached the prescribed maximum outflow temperature.

It should be noted that there may be alternative ways of carrying out the charging process
while still obtaining the advantages of the invention. For instance, the maximum number of
simultaneously engaged blocks may be different from 3 as in the example given, and the total
number of blocks in the storage may clearly be different from the example described herein
using 5 blocks. An example would be having 4 blocks and maximum 2 blocks engaged at one
time; this would give the following staged process for the blocks: “a” alone, then “a”+“b”, then

(le+HCH' then ”C"+"d".

A remarkable trait by this method of operation is that large parts of the storage may be heated
above the maximum outflow temperature Te,maxduring charging while the temperature of the

combined HTF fluid coming from the storage is kept at this acceptable, or desired, temperature
level. Another significant benefit is that the outflow temperature is mostly kept constant which

is clearly an advantage for many heat storage application systems.

Figure 10 shows a similar approach for control of the HTF temperature and enhanced utilization
of the storage during thermal energy discharge process. As for the charging example, the
number of blocks is 5 and the maximum number of simultaneously engaged blocks is 3. For
simplicity, it is assumed that the hot side of all blocks have the same starting temperature Tgs.
In the first phase the flow goes through “a” and “b” in parallel until the combined outflow
temperature is reduced to the minimum allowable value Tdo,min at time tq1. At this point block
“c” is gradually engaged by opening valve vc1 while valve va1 is gradually closed. At time tqz block
“a” is fully disengaged while block “d” is gradually engaged. The following steps of “c”+"d"+"e"”

and “d”+"”e” should be clear from the figure.
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Again, the remarkable thing here is that blocks “a”, “b”, “c” and “d” are being discharged far
below the minimum outflow temperature Tdo,min While the temperature of the combined HTF
fluid coming from the storage is kept at this acceptable temperature level. As in the case of
charging, another benefit is that the outflow temperature can be kept mostly constant during
discharge. Such constant temperature may be an advantage when, for instance, the discharged
heat is used for generating steam for a steam turbine under near constant temperature and

pressure conditions.

As explained before, the total number of blocks and the maximum number of blocks engaged at
simultaneously may be different from what is described in the thermal energy discharge
process example above while the method as such remains the same. A further comment is that
for parallel configuration it does not matter much from which end the discharging process
starts, for the cases shown one may alternatively start on side “e” and progress towards “a”,

but still with reversed flow direction from the charging process.

The advantages obtained are further illustrated in figure 11. The fact that large parts of the
storage are heated above the maximum outflow temperature T¢o max during charging and below
the minimum outflow temperature Tgo,min during discharging means that the heat storage
envelope, previously indicated in figure 5, now is being expanded to new levels as shown by
additional, vertically shaded areas in figure 11. Note that the abscissa is the length direction of
combined elements. This simply means that the overall energy capacity for storing heat has
been greatly increased while main outflow temperature constraints are still satisfied. It also
means that the storage utilization factor 7, defined in equation (3), will increase significantly in
value. In practical terms, significantly enhanced, overall performance and cost efficiency of the

thermal energy storage will be achieved by use of the invention.

This example with 5 blocks in parallel configuration shown in figure 6 can be related to the
physical storage exemplification shown figure 2 by assuming that the flow of HTF through each
of the five stacks can by fully controlled by an associated valve and pipe system; thus, each
“stack” becomes a “block”. The case discussed here with the flow of up to three blocks being

mixed and shifted during charging and discharging can thus be executed according to what is
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shown in figures 9 and 10. The result will be enhanced overall storage capacity combined with a

stable HTF outflow temperature from the thermal energy storage system.

Note that these are selected exemplifications of the current invention. Other applications may
include different numbers of blocks (other than five) and with mixing of flow from a different
number of blocks (other than up to three) while the principle of enhanced storage performance
remains the same. Note also that the innovation does equally well apply to elements that are
arranged vertically rather than horizontally, and for other types of TES that can be operated
with block control of HTF. Finally, any type of TES being sectioned and controlled by blocks may
benefit from use of the method devised by the current invention. Some or all of the HTF flow

may be on the outside of the elements as shown for one block in figure 3.
Second embodiment: Serial configuration

The current invention also includes serial configuration of blocks rather than parallel topology
as shown before. However, serial flow topology requires somewhat different pipe connections
between blocks and a different placing of adjustable valves per block. This is illustrated for a 5-

block system in figure 12.

In the simplest case, all bypass valves vi; are closed. This means that during charging the HTF
flows through all blocks in sequence until the outflow temperature from the last block reaches
Teo,max. The temperature distribution in the combined length direction then corresponds to the
upper hysteresis curve in figure 5 which means that the blocks at the end of the flow path will
be rather poorly utilized. Similarly, during discharge with reversed flow, the temperature
distribution in the total length direction will correspond to the lower hysteresis curve in figure 5
with endpoint on the hot side of Tyomin. This means that the blocks on the left side (a, b, c) will
be rather poorly utilized in terms of heat discharge while the blocks in the middle will be best

utilized in terms of temperature difference between charged and discharged conditions.

The objective for serially connected blocks is to obtain similar advantages as for parallel
configuration, i.e. better overall utilization of the storage. Although there may be room for
alternate configuration and piping arrangement, the following example will illustrate the serial

methodology relating to figure 12. The basic principle is that it is simple to regulate the flow
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through each block by adjusting the opening of the associated bypass valve. When the bypass
valve is fully closed the HTF flow is forced to go through the block. When the bypass valve is
fully open the entire HTF flow will fully bypass the block simply because there is significantly
higher pressure drop over the block while there is virtually no pressure drop through a fully
opened bypass valve. This is also illustrated in figure 13 where the degree of opening of bypass

o
|

valve viz for block “i” determines how much fluid will run through the block. The fluid pressure
before in the trunk pipe (the common pipe) is pi whereas the reduced pressure after the
junction of the block pipe and the bypass pipe (with adjustable valve vi2) is pi«1. Pressure

o
|

equilibrium implies that the pressure loss in the block “i” must be exactly the same as the

oy
|

pressure loss through bypass valve “i”. When the bypass valve is opened just a little bit the
main part of the flow will go through the block because of the chocking action of the valve.
When the valve is opened further the pressure drop in the valve will be less and the flow
velocity through the block will be reduced to a velocity that that gives the same pressure drop
as through the valve. The pressure loss in the block is governed by the Darcy-Weisbhach
equation
v L

Ap = fDPEB (4)
where Ap is pressure loss in the pipe, fp is friction coefficient for the internal surface, v is
average fluid velocity through the pipe, L is pipe length and D is pipe diameter. In case of many
parallel flows through a block as illustrated in figure 2 the pressure loss equation applies to

each of the serial elements as shown in figure 4.

Notably, the bypass flow regulation is highly nonlinear and quite sensitive to the adjustments of
the valve opening (effective mass flow). The control mechanism for the valve setting can be
based on measuring the mass flow through bypass pipe and the fluid temperatures through the

two branches. How this may be balanced will be explained later.

Considering again figure 12, there is, in principle, two ways of operating a such a serial system.
The first method is a “binary approach” by which the flow either fully bypasses a block (bypass

valve fully open) or the flow goes fully through the block (bypass valve fully closed). This
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approach is illustrated in figures 14 and 15 for charging and discharging, respectively. The
charging process is, for simplicity, assumed to be started with a uniform initial temperature
level Tes at the cold side of all blocks. For the first charging step, bypass valve vaz is closed while
all other valves are open. This means that the entire HTF flow goes through block “a” until a
prescribed maximum HTF temperature Tcomax is reached at time tc1. At this point in time, bypass
valve vp is closed such that the flow continues from “a” through block “b”. When the outflow
temperature from “b” reaches Tco max at time tc2, valve vaz is opened for full bypass while valve
v is closed such that the flow goes through “b” and “c”. This charging process continues with

consecutively engaging and disengaging blocks as seen in figure 14.

The corresponding, “binary” discharging process is illustrated from an assumed uniform starting
temperature Tgs at the hot side of all blocks, see figure 15. The HTF flow is fully reversed during
discharging such that the HTF first enters into block “e”. The HTF flow through block “e” until
the outflow temperature has dropped to a lower and acceptable limit Tqgo,min at time tq1. At that
point in time, the neighbor valve vq; is opened and the flow continues from “e” through block
“d”. At time tq2 the outflow temperature has again dropped to the limit Tgomin and the next
block “c” has to be engaged by closing v and block “a” is disengaged by fully opening vaz. The

following steps are similar.

The resulting outflow temperature is shown with bold, continuously drawn lines in figures 14
and 15 while intermediate outflow temperatures out of specific blocks are indicated with bold,
dashed lines. It is important to note that the majority of blocks can be charged to a
temperature level higher than Tco,max and discharged to a level lower than Tgo,min While the serial
outflow temperature is being kept between the acceptable limits. This means that, in total, the
storage can be charged to a higher temperature and higher energy level than the limit value
Teo,max Should imply and, similarly, discharged to a lower temperature and lower energy level
than the Tgo,min limit value should imply. A result from this approach is that the overall storage
capacity will be increased. A disadvantage by this approach is that the outflow temperature is
stepwise varying rather much with time rather than being kept stable. To what extent this is
undesirable depends on the requirements associated with the heat source and heat sink HTF

loops.
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As mentioned, and as seen from figures 14 and 15, the “binary” approach has the disadvantage
that the outflow HTF temperature varies/jumps every time there is a discrete shift to a new
block; this applies both to the charge and the discharge mode. As shown in figure 16 and 17,
this problem can be mitigated by continuous adjustment of opening and closing of the bypass
valves rather than using only employing the states of being fully opened or fully closed. By
example, the charging mode shown in figure 16 begins from a state where it is assumed that
the cold side of all elements have the same start temperature Ts. The first stage starts by
closing bypass valves v4; while all other valves are open, thereby charging only blocks “a” and
bypassing all other blocks. When the outflow temperature from block “a” at time tc1 has
reached Tco,max action is taken in order not to exceed this temperature limit. This is done by
gradually closing (constraining) valve vy, while valve v, is gradually opened, and letting the flow
partially pass outside block “a”. The figure shows how the balancing of valves is done such that
the combined HTF temperature after block “b"” is engaged is kept at the desired level Tco,max. At
time t block “a” is fully bypassed while block “b” delivers HTF at the temperature limit. This is
the time when the cooler block “c” is gradually engaged while block “b” which is now above
Teo,max is gradually disengaged while keeping the mixed flow after “c” at the desired
temperature limit. The charging process is continued thereafter using the same procedure of
shifting and gradual mixing. As for the “binary” process shown in figure 14, the result of the
mixing strategy is that the major parts of the storage can be charged significantly beyond the
temperature limit (see dashed lines). However, the “overcharging effect” may be a bit smaller
when using mixing since the actual mass flow through the overcharged block is being reduced
rather than kept at full level. Another difference between the two cases is that the total flow
resistance for the former case comes from full flow through two blocks while the partial

bypassing of the mixing case results in a lower flow resistance.

The corresponding discharge process involving two concurrent blocks in shifting and mixing is
shown if figure 17. Assuming for simplicity that all blocks have the same hot side starting
temperature Tgs before discharge, the reversed flow starts with full flow through block “e” until
the minimum discharge temperature Tgomin has been reached at time tq1. At that point in time,

the bypass valve ve; for block “e” is gradually being opened while the bypass valve vq; for the
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neighbor block “d” is gradually being closed. This is done in such a way that the mixed HTF flow
after “d” is being kept constant at Tdo,min While the temperature in block “e” goes below this
minimum level. At time tq2 the outflow temperature from block “d” has reached the minimum
Tdo,min While block “e” is finally fully bypassed. At that time, block “c” is gradually being engaged
while block “d” is gradually being phased out while keeping the combined outflow at the
desired level. The process continues to the next neighbor blocks in the same manner until
nearly the entire storage has been discharged below the outflow temperature. Clearly, this

procedure enables both stable outflow temperature as well as a deep discharge.

It will be possible to increase the amount of charging and discharging even beyond what is
shown in figures 16 and 17 by an extended procedure that involves more than two blocks in
operation at a given time. There are many ways of configuring serial flows; figure 18 is an
illustration of a case in which three blocks may be involved simultaneously in charging mode.
The principle may seem somewhat complex, and only a short explanation will be provided.
During the initial time interval, the HTF flow goes fully and serially through blocks “a” and “b”.
When the temperature at the junction between b and ¢ reaches the maximum value Tcomax,
then part of the this flow is diverted through the next cold block “c” such that the outcome flow
from “b” is mixed with flow from “c” in such a way that the combined fluid temperature at the
junction between “c” and “d” keeps the desired level of Tco,max. At the same time, the flow going
through “a” is gradually reduced by opening bypass valve vaz. The pressure loss over block “a” is
simultaneously reduced. When, at time tc, it is no longer possible to keep outflow temperature
Teo,max the mixed flow at junction “c-d” is partially diverted through the cold block “d” in such a
manner that the mixed outflow at junction “d-e” is kept at this desired temperature level. Block
“b” is being gradually bypassed during this sequence to reduce flow resistance. After time te
the combined flow from junction “d-e” is gradually mixed with flow through block “e” such that
the desired outflow temperature is kept. At time tc the flow goes fully through block “e” and it
is no longer required to keep the outflow temperature value. The “parenthesis” about a block

name in the figure indicates partial flow through that block. It may be shown that engaging

three blocks rather than two allows for higher temperature level during charging. A similar
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procedure for three blocks during discharge is essentially “the reverse” of what is shown in

figure 18 and will not be illustrated and explained further.

In the “ultimate” case, all blocks may be serially connected at the same time both for the
charging and the discharging modes; this is illustrated in figures 19 and 20 for charging and
discharging, respectively. During charging the flow goes first through block “a” till the allowable
max temperature Teomax has been reached at time tc1. Block “b” is then being engaged by
gradually closing bypass valve vp2 such that the combined flow temperature after “b” is kept at
the desired level. When the maximum outflow temperature has been reached at time te; block
“c” is gradually engaged. This process continues till all blocks have been engaged. The
advantage by this process is that a very high, total heat charge can be obtained; in fact, the
heating of the first blocks may reach a temperature that is very close to the charging
temperature T while the combined serial outflow is kept at the much lower, desired
temperature Tcomax. The disadvantage is that the flow resistance increases every time a new
block is engaged. It will therefore be necessary to increase the pump pressure accordingly to
keep the mass flow constant. Another consideration is that such high degree of energy charging
for a given size of storage clearly will increase the charging time; this is simply because the
energy content in the HTF inflow is fixed and delivering more energy takes longer time. A
different view is that the heat source will provide a given number of hours for charging and that
the storage provides the best possible rate of energy absorption (HTF outflow temperature at
the limit), thus, the storage can be made smaller and at lower cost simply because the local

amount of heat stored in major parts of the storage has been increased (increased beyond

Tco,max)-

The corresponding discharging process with sequential engagement of all blocks in a serial
manner is illustrated in figure 20. The logic of gradually and sequentially closing valves to

engage new blocks essentially corresponds to what has been explained above for charging.

The effect of reaching higher storage temperatures than the prescribed maximum Teo,max for
large parts of the storage during charging essentially means that the upper temperature

envelope is moved further up as already shown in figure 11. How far this envelope moves
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upwards depends the end of charging temperatures as indicated in figures 14, 16, 18 and 19
with circles. Similarly, the effect of reaching lower storage temperatures than the prescribed
maximum Tgo,min fOr large parts of the storage during discharging essentially means that the
lower temperature envelope is moved further down as also shown in figure 11. How far this
envelope moves downwards depends the end of discharging temperatures that are indicated in

figures 15, 17, and 20 with circles.

This example with 5 blocks in serial configuration shown in figure 12 can be related to the
physical storage exemplification shown figure 2 by assuming that the flow of HTF through each
of the five layers of modules can by fully controlled by an associated valve and pipe system;
thus, each “layer of modules” becomes a “block”. This means that there will be valves above
and below each layer and a bypass pipe and control valve to the side of each layer block while
all parallel flows through the modules within one such block will be the equal. The cases
discussed here with serially combined flow of two blocks at the same time without bypass
mixing as shown in figures 14 and 15 similar flow with bypass mixing as illustrated in figures 16
and 17 and, finally, the gradual, block-wide serial flow mixing shown in figure 19 the flow can
be executed for the example in figure 2. The result of this configuration and operation will be
enhanced overall storage capacity, and the possibility to deliver stable HTF outflow

temperature from the system during charging, or discharge phases.

Note that these are selected exemplifications of the current invention. Other applications may
include different numbers of blocks (other than five) and with mixing of flow from a different
number of blocks at the same time while the principle of enhanced storage performance
remains the same. Note also that the innovation does equally well apply to elements that are
standing vertical rather than being horizontal, and for other types of TES storage that can be

operated with block-control of HTF.
Main embodiment: General, combined parallel-serial system

Figure 21 shows a configuration of blocks, pipes and valves that enables a choice between an
approach with parallel flow with mixing and shift as well as solution with serial flow with mixing

and shifting. This particular configuration requires a trunk pipe, also termed manifold, on each
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side of the set of blocks, with respect to inlet and outlet side of flow, and that each of the
blocks has a regulating valve vi1 for flow through the block, a regulating valve vi; for bypassing
the block, and a switch valve vis that determines whether the block should be connected in
parallel mode or in serial mode. Figure 22 illustrates the principles of two forms of switch valves
represented by a pair of opening-closing valves in the one case, and a single, rotational switch
valve in the other. Other types of switch valves may equally well be employed. In the context of
the present invention, the term “switch valve” is used for a single valve arranged in the outlet
pipe and serial return pipe junction, or two or more valves arranged in the outlet pipe and serial
return pipe, respectively, the switch valve in any embodiment having the functionality as

described.

In parallel mode, all bypass valves viz are fully open, the flow-through regulating valves vi1 are
adjusted according to the temperature and time dependent situation of desired flow through
the block, while the switch valve is set in parallel flow position that connects the block directly
with the trunk pipe on the other side of the block. This corresponds to the valve and pipe

system shown in figure 6.

In serial mode, all flow-through valves vi1 are fully open and the bypass valves vi; are adjusted
according to the time dependent situation of desired flow through the block, while the switch
valves are set in serial flow position that connects directly with the neighboring block. This

corresponds to the valve and pipe system shown in figure 12.

By fully exploiting the possibilities of the general system shown in figure 21 it will be possible to
operate blocks of the storage in parallel mode and other blocks of the storage in serial mode.
Another possibility is to run the system in parallel mode during charging and serial mode during
discharging; or, vice versa. All considered, the general pipe and valve layout of the invention
allows for very much enhanced performance of a thermal energy storage and extreme flexibility

in the way it is operated.
Time zoning

It may be desirable to configure a TES in accordance with a set of different storage needs and

time cycles. With the current invention, this may be done in a very simple and flexible manner
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by operating the storage with several zones where such zone may consist of several blocks. This
may be very useful since it may be desirable that the storage should be able to respond to a set
of several different time patterns for charging as well as for discharging. For instance, there
may be need for weekday 24-hour cycles of charging and discharging while surplus energy from
weekends (less energy consumption) may be accumulated during this break and discharged
gradually during peak hours of weekdays, implying that the full charge and discharge cycle
takes an entire week. Thus, a main part or zone of the storage may be utilized for 24-hour
cycles while another zone is reserved for weekly cycles. One may also keep reserve parts of the
storage for even longer storage cycles connected with, for example, wind power that typically
varies with weather patterns. Further, there may be periods where wind power is extremely
cheap and can be used to accumulate a power reserve which later can be used when there is

shortage of wind power due to weather conditions.

An example of zoning is illustrated in figure 23 which indicates sectioning of the storage into,
but not limited to, 24 hours, weekly and reserve time zoning. It is important to note that such
division does not have to be fixed and permanent, but can rather be configured according to
seasons and dynamic need by use of the flexibility provided by the current invention. This is
easily done by way of remote control and opening and closing valves for charging and
discharging in accordance with the design shown in figure 21. Clearly, there is a choice for
applying both parallel and serial configuration in accordance with what serves the situation

best.
Instrumentation and control

A storage according to the invention can be operated in different ways in time and space by
setting valves in positions according to purpose. Such settings may be highly dependent on the
actual thermal conditions throughout the storage as well as requirements from the heat source
and the heat sink. Since such conditions vary with time it is desirable to have full, dynamic
control over settings of all valves that regulate the flow. For practical reasons, such settings
should preferably be automatically and remotely operated from an operation control center for

the thermal energy storage. The process may be governed by an algorithm for optimization of
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performance. Moreover, various sensors for measuring temperature in the HTF and in the solid
materials should be implemented and directly connected with the control facility. Likewise, it
should be possible to measure HTF mass flow and, accordingly, regulate pumps to ensure that
objectives with respect to charging, storing and discharging energy are met. Such operations
may to a large extent be made automatic and be controlled by use of artificial intelligence (Al)
programming. Preferably, the sensors operatively coupled to a control system at least
comprises a temperature sensor in the charging inlet manifold, a temperature sensor in the
charging outlet manifold and at least one temperature sensor in each block or zone. Preferably,
at least two temperature sensors are arranged in each block or zone, preferably one at an inlet
charging side and one at an outlet charging side of the block or zone, for increased control and
redundancy. Preferably, the charging manifold comprises at least two temperature sensors and
the discharging outlet manifold comprises at least two temperature sensors, for increased

control and redundancy.

Pumps and pumping

In many embodiments, the pumps of external systems or sources are sufficient for pumping
HTF through the TES during charging and discharging of thermal energy, therefore pumps are
not defined as an obligatory part of the TES. In other embodiments, particularly with connected
sources delivering electric energy, dedicated pumps are preferably arranged to pump HTF
through the TES during charging and discharging of thermal energy. In any case, the external or
dedicated pumps and/or valves for controlling the overall HTF mass flow rate, are operatively
coupled to the temperature sensors and/or the control system used for operation of the TES,
wherein the sensors are as a minimum as described under “Instrumentation and control”

above.
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Summary of the technical effect of the invention

The current invention enables significant improvements in performance and efficiency of
sensible heat, thermal energy storage (TES) as compared with ways of utilizing such storage
according to prior art. The storage is divided into blocks that are served with a common trunk
pipe system for transferring heat by way of heat transfer fluid (HTF) to and from the storage
and where the HTF flows through the individual blocks are controlled through a specific system
of valves. The HTF can flow through any number of these blocks in a parallel or in a serial
manner. Shifting of activation of blocks and mixing of HTF flows with different temperatures are

a part of this technology.

The invention enables several very important features that have not been previously described

with thermal energy storage:

a. Parallel flow with shift

b. Serial flow with shift

¢. Any combination of parallel and serial flow

d. Keeping a desired outflow temperature from the storage during charging

e. Keeping a desired outflow temperature from the storage during discharging

f. Obtaining increased amount of thermal energy charged while still satisfying HTF outflow
temperature requirements (d)

g. Obtaining increased amount of thermal energy discharged while still satisfying HTF
outflow temperature requirements (e)

h. Obtaining constant thermal power with constant HTF mass flow during charging phase,
compared with state of the art technology where the mass flow must be increased to
maintain constant power.

i.  Obtaining constant thermal power with constant HTF mass flow during discharging
phase, compared with state of the art technology where the mass flow must be
increased to maintain constant power.

j. Possibility for zoning of the TES with different cycling objectives and operation modes
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Achieving improved overall safety of the TES due to an extensive system of control
valves that can be closed automatically.
Enabling inspections, maintenance and/or repairs, including also drainage of HTF, of one

or more parts of the overall TES while other parts are maintained in operation.
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CLAIMS

Thermal energy storage-TES-,characterised in thatthe TES comprises:

at least two blocks or zones operated with respect to charging and discharging of
thermal energy by flowing a heat transfer fluid - HTF - through the block or zone; an inlet
charging manifold; an outlet charging manifold; an inlet pipe arranged from the inlet charging
manifold to each block or zone; an outlet from each block or zone; and further structure as

follows:

one or more of the valves: a flow control valve (vi1; va1,.ve1 ) arranged in at least one of
block or zone inlet pipes, inlets, outlets and outlet pipes, for control of flow through the block
or zone; a bypass valve (vi2; va2,.Ve2) arranged in inlet charging side pipe sections between inlet
pipe and serial flow return for the block or zone, for bypassing flow and serial flow control; and
an outlet charging side switch valve (vis; Vas, Ves) arranged in at least one of block or zone outlet

pipes and outlets, for control of serial flow and parallel flow; and

one or more of the pipes: an outlet pipe from a block or zone outlet or a switch valve in
said outlet to the outlet charging manifold, a serial flow return pipe arranged from a block or
zone outlet or from a switch valve in the outlet pipe to the inlet charging side of a next in serial

flow block or zone,

wherein each block/zone can operate within the full temperature range of the TES, by
flowing heat transfer fluid through the blocks/zones for charging and discharging, respectively,
according to temperature of the heat transfer fluid and said blocks/zones, by operating said
valves to flow heat transfer fluid in serial and/or parallel, from higher temperature to lower
temperature blocks/zones or side when charging and from lower to higher temperate

blocks/zones or side when discharging.
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Thermal energy storage according to claim 1, comprising blocks or zones with valves consisting of a flow
control valve (vi; va1,.Ve1) in each block or zone inlet pipe or outlet pipe, and an outlet pipe from
the block or zone to the outlet charging manifold, for operating the blocks or zones fully or partially

in a parallel flow mode.

Thermal energy storage according to claim 1 or 2, comprising blocks or zones with valves consisting of
bypass valves (vi2; va2,.Ve2) arranged in an the inlet charging side pipe section between inlet pipe
and serial flow return for the block or zone, and a block or zone serial flow return pipe, for

operating the blocks or zones fully or partially in a serial flow mode.

Thermal energy storage according to claim 1,2 or 3, comprising at least one block or zone operated in a
24 hours cycle, comprising flow control valves (vi1; Va1,.Ve1) , adjustable bypass valves (viz; Va2,.Ve2)
and switch valves (vis; Vas,.Ves) arranged in the outlet pipe, and a serial flow return pipe arranged
from the switch valve to the inlet charging side of a next in serial flow block or zone, for control
of serial flow, parallel flow and combinations of serial and parallel flow with connected serial

return line and outlet pipe for each switch valve,

at least one block or zone operated in a weekly cycle, preferably comprising one or both
of flow control valves (vi1; va1,.ve1 ) and adjustable bypass valves (viz; Va2, Ve2) with connected

serial return line, and

one block or zone operated as a thermal energy long term or seasonal reserve,
preferably comprising either flow control valves (vii; Va1,.Ve1) Or bypass valves (Vvi; Va2,.Ve2) with

connected serial return line.
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Thermal energy storage according to claim 1 or 4, wherein the TES is a solid state thermal
energy storage in which heat is transferred to and from solid state heat storage elements
during charging and discharging by way of a heat transfer fluid — HTF - that runs through heat
exchanger pipes cast into the elements or around such elements, the storage is divided into
two or more block units for which the HTF can run from an inlet manifold system on one flow
side of the blocks and through the different block units to an outlet manifold system on the
other flow side, while the fluid transfers heat to all elements within the block during thermal
energy charging, and absorbs heat from all elements within the block during thermal energy

discharging, and for at least two blocks the following is provided:

a. an adjustable flow valve that controls the HTF mass flow rate from the manifold into
the block during charging and discharging

b. an adjustable bypass valve that controls the HTF mass flow rate bypassing the block
during charging and discharging

¢. an adjustable switch valve that controls the ratio of HTF mass flow rate through the
block directly connected with the outlet manifold to the HTF mass flow rate being

diverted to the next in serial flow block inlet side

by which said at least two blocks can be controlled dynamically such that a desired number of
blocks will be engaged in a parallel or in a serial flow pattern, or a combination of these, and
through adjustment of the valves the charging and discharging of blocks can be shifted and
mixed in time such that the combined, outflowing heat transfer fluid can be kept at a stable
level and within maximum and minimum temperature bounds determined by the heat source
and the heat sink, while major parts of the storage can be charged and discharged far beyond

said thermal limits and thereby increase the overall energy storage capacity significantly.

Thermal energy storage according to any one of claim 1-5, wherein each block comprises a
number of thermal storage elements, each of which elements comprises an outer shell being a

combined casting form, reinforcement and HTF fluid leakage retaining barrier, a solid thermal
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storage medium in the form of hardened concrete that has been cast and hardened into said
outer shell, and at least one pipe heat exchanger in the form of a pipe length interval cast into
the concrete, the inlet and outlet of the at least one pipe heat exchanger extends out from one
end of the shell, a number of such elements have been arranged in parallel as one block,
several blocks have been arranged as stacks or groups of blocks, with inlet charging manifolds,
outlet charging manifolds and further piping and valves, preferably on one side of each stack or

group of blocks, and thermal insulation below, on top and around the TES.

Thermal energy storage according to claim 1, comprising at least two blocks or zones operated with
respect to charging and discharging of thermal energy by flowing a heat transfer fluid - HTF - through

the block or zone, wherein:

at least one block or zone comprising flow control valves (Vi1; Va1,.Ve1 ) or adjustable bypass
valves (Viz; Va2, Ve2) freely operable between a fully closed position and an fully open position and

position in between, is operated in a shorter term cycle, and

at least one block or zone, comprising at least one of flow control valves (Vi1; Va1, Ve1) and

bypass valves (Viz; Va2, Ve2) with connected serial return line, is operated in a longer term cycle.

8.

Method of operating a thermal energy storage - TES -; wherein the TES comprises:

at least two blocks or zones operated with respect to charging and discharging of
thermal energy by flowing a heat transfer fluid - HTF - through the block or zone; an inlet
charging manifold; an outlet charging manifold; an inlet pipe arranged from the inlet charging
manifold to each block or zone; an outlet from each block or zone; and valves and piping for

mass flow rate control of HTF;
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characterised by oneor moreofthe following steps, in any combination:
to mix and shift the flow of HTF, to and from blocks and zones, with respect to parallel
and serial flow, and with respect to flow direction, according to temperature, charging and

discharging of thermal energy,

to charge at least one block or zone with thermal energy to a temperature above a

maximum HTF outlet temperature from the TES,

to discharge thermal energy from at least one block or zone to a temperature below a

minimum HTF outlet discharge temperature from the TES,

to mix HTF from the outlet of two or more blocks or zones, fully or partially, by
operating one or more of an inlet pipe flow control valve and a switch valve of said block or

zone,

to bypass at least one block or zone from flow of HTF through the block or zone, fully or
partially, by operating one or more of a flow control valve, a bypass valve and a switch valve of

said block or zone,

wherein each block/zone can operate within the full temperature range of the TES, by
flowing heat transfer fluid through the blocks/zones for charging and discharging, respectively,
according to temperature of the heat transfer fluid and said blocks/zones, by operating said
valves to flow heat transfer fluid in serial and/or parallel, from higher temperature to lower
temperature blocks/zones or side when charging and from lower to higher temperate

blocks/zones or side when discharging.

9.

Method according to claim 8, whereby blocks or zones at a charging inlet side of the TES is
charged to a charging temperature that preferably is above a maximum charging HTF outlet
temperature from the TES, downstream blocks or zones are then successively coupled inline for
HTF flow for charging to the charging temperature until the whole TES or a part thereof is

charged or a maximum HTF charging outlet temperature is reached.
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10.
Method according to claim 8 or 9, whereby flow of HTF from different blocks or zones are
mixed, fully or partially, to maintain a fixed or minimum outlet temperature of HTF from the

TES during charging of thermal energy.

11.

Method according to claim 8, whereby blocks or zones at a discharging inlet side of the TES is
discharged to a discharging temperature that preferably is below a minimum discharging HTF
outlet temperature from the TES, downstream blocks or zones are then successively coupled
inline for HTF flow for discharging to the discharging temperature until the whole TES or a part

thereof is discharged or a minimum HTF discharging outlet temperature is reached.

12.

Method according to claim 8 or 11, whereby flow of HTF from different blocks or zones are
mixed, fully or partially, to maintain a fixed or maximum outlet temperature of HTF from the
TES during discharging of thermal energy, preferably the flow direction of HTF during

discharging is reversed compared to the flow direction of HTF during charging.

13.

Method according to any one of claim 8-12, whereby one or more of the following valves is
operated, preferably based on temperature control: flow control valves (vi1; Va1, Ve1 ) for control
of parallel mass flow rate; bypass valves (viz; vaz2,.Ve2) arranged in an inlet charging side pipe
section between inlet pipe and serial flow return for the block or zone, for bypassing mass flow
and serial mass flow control; outlet charging side switch valves (vis; vas, Ves) arranged in an outlet
pipe from a block or zone for control of serial mass flow and parallel mass flow, wherein the TES
comprises one or both of the pipes: an outlet pipe from a block or zone to the outlet charging
manifold, a serial flow return pipe arranged from a block or zone outlet or from a switch valve

in the outlet pipe to the inlet charging side of a next in serial flow block or zone.
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14.

Method according to any one of claim 8 — 13, whereby the flow of HTF from blocks or zones are
controlled by shifting the flow of HTF from blocks or zones according to temperature, over time
during operation, preferably to where the temperature difference between the HTF and the
blocks or zones are largest while at the same time delivering HTF out from the TES at an in
substance constant temperature during charging and an in substance constant temperature
during discharging, by shifting blocks or zones in line for flow, preferably operating one zone at
a 24 hours cycle, one zone at a weekly cycle, and one zone as a thermal energy long term or

seasonal reserve, preferably, the number of blocks in each zone is shifted according to demand.

15.

Method according to any one of claim 8-14, wherein each block comprises a number of thermal
energy storage elements, each of which elements comprises an outer shell being a combined
casting form, reinforcement and HTF fluid leakage retaining barrier, a solid thermal storage
medium in the form of hardened concrete that has been cast and hardened into said outer
shell, and at least one pipe heat exchanger in the form of a pipe length interval embedded or
cast into the concrete, the inlet and outlet of the at least one pipe heat exchanger extends out
from one end of the shell; a number of such elements have been arranged in parallel as one
block, several blocks have been arranged as stacks or groups of blocks, with inlet charging
manifolds, outlet charging manifolds and further piping and valves on one side of each stack or
group of blocks, preferably the whole TES, with thermal insulation below, on top and around
said TES, whereby the TES is operated locally from only one side of the TES and/or remotely

controlled.
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16.

Use of the method of any one of claim 8-15 with a thermal energy storage of any one of claim 1 - 7, for

providing one or more of the advantages or functionalities, in any combination:

a. Parallel flow with shift

b. Serial flow with shift

¢. Any combination of parallel and serial flow

d. Keeping a desired outflow temperature from the storage during charging

e. Keeping a desired outflow temperature from the storage during discharging

f. Obtaining increased amount of thermal energy charged while still satisfying HTF
outflow temperature requirements (d)

g. Obtaining increased amount of thermal energy discharged while still satisfying HTF
outflow temperature requirements (e)

h. Obtaining constant thermal power with constant HTF mass flow during charging phase,
compared with state of the art technology where the mass flow must be increased to
maintain constant power.

i.  Obtaining constant thermal power with constant HTF mass flow during discharging
phase, compared with state of the art technology where the mass flow must be
increased to maintain constant power.

j. Possibility for zoning of the TES with different cycling objectives and operation modes

k. Achieving improved overall safety of the TES due to an extensive system of control
valves that can be closed automatically.

I.  Enabling inspections, maintenance and/or repairs, including also drainage of HTF, of

one or more parts of the overall TES while other parts are maintained in operation
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Patentkrav

1.
Termisk energilager -TES-,karakterisert vedat TES omfatter:

minst to blokker eller soner operert med hensyn til lading og utladning av
termisk energi ved & stramme et varmeoverfaringsfluid-HTF-gjennom blokken
eller sonen; en innlgps lading manifold; en utlgps lading manifold; et innlgpsror
arrangert fra innlgp lading manifolden til hver blokk eller sone; et utlop fra hver
blokk eller sone; og videre struktur som folger:

en eller flere av ventilene: en stramnings reguleringsventil (vit:Vat,.Ve1)
arrangert i minst et av blokk eller sone innlgpsrarene, innlgp, utlep og utlepsrar,
for styring av stramning gjennom blokken eller sonen; en omlgpsventil
(viz;vaz,.Ve2) arrangert i innlgp ladeside rgrseksjoner mellom innlgpsraret og
seriell stramnings retur for blokken eller sonen, for omlgp av stramning og
seriell stramningsstyring; og en utleps ladeside side svitsjeventil (vis;Vas,. Ves)
arrangert i minst et av blokk eller sone utlep rar og utlap, for styring av seriell
stremning og parallell stremning; og

et eller flere av rarene: et utlgpsror fra en blokk eller sone utlop eller en
svitsjeventil i nevnte utlep til utlep lading manifold, et seriestromningsretur ror
arrangert fra et blokk eller sone utlap eller fra en utlgps svitsjeventil i utlapsroret
til innlgpet pa ladesiden av en neste i seriestramning blokk eller sone,

idet hvor hver blokk/sone kan operere innenfor hele temperaturomradet
til TES, ved & stramme varmeoverfaringsfluid HTF gjennom blokkene/sonene
for lading og utlading, henholdsvis, i henhold til temperaturen p4 HTF og nevnte
blokker/soner, ved drift av ventiler for & styre HTF i seriell og/eller parallell
stromning, fra hgyere temperatur til lavere temperatur blokker/soner eller -side
ved lading og fra lavere til hgyere tempereratur blokker/soner eller -side ved

utlading.

2.
Termisk energilager i henhold til krav 1, omfattende blokker eller soner med
ventiler som bestar av en stromnings reguleringsventil (vit;va1,.vet) i hver blokk

eller sone innlgpsrgr eller utlopsrar, og et utlepsrar fra blokken eller sonen til
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utlep lading manifolden, for drift av blokkene eller sonene helt eller delvis i en

parallell stramningsmodus.

3.

Termisk energilageri henhold til krav 1 eller 2, omfattende blokker eller soner
med ventiler bestdende av omlgp ventiler (viz,vaz,.ve2) arrangert i en innlgps
lading side rarseksjon mellom innlgpsraret og seriell stramnings retur for
blokken eller sonen, og et blokk eller sone seriell stramning retur rgr, for drift av

blokkene eller sonene helt eller delvis i en seriell stramning modus.

4.
Termisk energilager i henhold til krav 1, 2 eller 3, som omfatter minst en blokk
eller sone operert i en 24 timers syklus, bestdende av stramnings
reguleringsventiler (vit;vai1,.Ve1), justerbare omlop-ventiler (vi2,vaz,. ve2) 0g svitsje
ventiler (Ver.Vsom,.Ves) arrangert i utlopsraret, og et seriell stremnings retur ror
arrangert fra svitsjeventilen til innlgpet pa ladesiden av en neste i
seriestromning blokk eller sone, for kontroll av seriell stramning, parallell
stremning og kombinasjoner av seriell og parallell stramning med tilkoblet
seriell returledning og utlepsrer for hver svitsje ventil,

idet minst en blokk eller sone er operert i en ukentlig syklus, fortrinnsvis
bestdende av en eller begge av stramningskontroll ventiler (vitvai,.VE1) 0g
justerbare omlgp ventiler (viz,vaz, ve2) med tilkoblet serie returlinje, og

en blokk eller sone er operert som en termisk energi langsiktig eller
sesongmessig reserve, fortrinnsvis bestaende av enten stramningskontroll
ventiler (vi1,va1,.ve1) eller omlgp ventiler (vi2;vaz,..ve2) med tilkoblet serie

returledning.

5.

Termisk energilager i henhold til krav 1 eller 4, idet TES er et fast tilstand
termisk energilager der varmen overfgres til og fra fast tilstand varmelagring
elementer under lading og utlading ved hjelp av et varmeoverfaringfluid -HTF-
som gar gjennom varmeveksler rgr stapt inn i elementene eller rundt slike
elementer, idet lageret er delt inn i to eller flere blokk enheter hvor HTF kan

stromme fra en innlgpsmanifold p& en stramnings side av blokkene og gjennom
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de ulike blokk enheter til en utlops manifold pa den andre stramnings side,
mens fluidet overfarer varme til alle elementer i blokken under termisk energi
lading, og absorberer varme fra alle elementer i blokken under termisk energi
utlading, og for minst to blokker er falgende tilveiebragt:
a. en justerbar strgmnings ventil som styrer HTF masse stremningsmengde fra
manifold inn i blokken under lading og utlading
b. en justerbar omlgp ventil som styrer HTF masse strgmningsmengde som
omlgper blokken under lading og utlading
C. en justerbar svitsje ventil som styrer forholdet mellom HTF masse
stremningsmengde gjennom blokken direkte til utlgpe manifold til HTF masse

stromningsmengde viderekoblet til den neste i serie blokk pa innlgp side

der minst to blokker kan styres dynamisk slik at et gnsket antall blokker vil bli
tilkoblet i parallell eller i serie, eller en kombinasjon av disse, og gjennom
justering av ventilene lading og utlading av blokker kan vaere skiftet og blandet i
tid slik at det kombinerte, utstrammende varmeoverfaringfluid kan holdes pa et
stabilt niva og innenfor maksimal og minimum temperaturgrensene bestemt av
varme kilden og -mottaker, mens store deler av lageret kan lades og utlades
langt utover nevnte termiske grenser og dermed gke den totale energi
lagringskapasiteten betraktelig.

6.

Termisk energilager i henhold til ett av krav 1-5, karakterisert ved at hver blokk
bestar av en rekke termiske lagrings elementer, hvorav hvert av elementene
omfatter et ytterskall som er en kombinert stopeform, forsterkning og HTF
vaeskelekkasje beholderbarriere, et faststoff termisk lagringsmedium i form av
herdet betong som har blitt stept og herdet i det ytre skall, og minst en ror
varmeveksler i form av et rarlengde intervall stopt inn i betongen, innlgp og
utlep av minst en rorvarmeveksler strekker seg ut fra den ene enden av skallet,
en rekke slike elementer har blitt arrangert parallelt som en blokk, med flere
blokker arrangert som stabler eller grupper av blokker, med innlgps lading
manifolder, uttak lading manifolder og videre rgr og ventiler, fortrinnsvis pa den
ene siden av hver stabel eller gruppe av blokker, og termisk isolasjon nedenfor,
pa toppen og rundt TES.
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7.
Termisk energilager i henhold til krav 1, bestdende av minst to blokker eller
soner operert med hensyn til lading og lossing av termisk energi ved & stromme
et varmeoverfgringsfluid -HTF-gjennom blokken eller sonen, hvor:

minst en blokk eller sone omfattende stremnings reguleringsventiler
(vi1:vat,..VE1) eller justerbare omlgp ventiler (vi2;vaz,..vez) fritt betjenbare mellom
en helt lukket stilling og en helt &4pen posisjon og posisjon i mellom, operert
rives i en kortere periode syklus, og

minst en blokk eller sone omfattende minst én av stramnings
reguleringsventiler (vit;va1,.vVe1) 0g omlgp ventiler (viz;vaz,.ve2) med koblet serie

returledning, operert i en lengre periode syklus.

8.
Fremgangsmate for drift av et termisk energilager -TES-; hvor TES omfatter:
minst to blokker eller soner operert med hensyn til lading og utladiing av

termisk energi ved & stramme et varmeoverfaringsfluid -HTF-gjennom blokken
eller sonen; en innlgps lading manifold; en utlgp lading manifold; et innlgpsrar
arrangert fra innlgp lading manifold til hver blokk eller sone; en utlgp fra hver
blokk eller sone; og ventiler og rgr for masse stremningsmengde styring av
HTF;

karakterisert v e d ettellerflere av falgende trinn,
i en hvilken som helst kombinasjon:

a blande og flytte stramningen av HTF, til og fra blokker og soner, med
hensyn til parallell og seriell stramning, og med hensyn til stramningsretning, i
henhold til temperatur, lading og utlading av termisk energi,

a lade minst en blokk eller sone med termisk energi til en temperatur
over en maksimal HTF utleps temperatur fra TES,

a lade ut termisk energi fra minst en blokk eller sone til en temperatur
under minimum HTF utlops temperatur fra TES,

a blande HTF fra utlepet av to eller flere blokker eller soner, helt eller

delvis, ved & operere en eller flere av en innlgpsrgr stramnings reguleringsventil

0g en svitsje ventil av nevnte blokk eller sone,
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a omlgpe minst en blokk eller sone fra stromning av HTF igjennom
blokken eller sonen, helt eller delvis, ved & operere en eller flere av en
strgmning styrings ventil, en omlgp ventil og en svitsje ventil i blokken eller
sonen,

idet hver blokk/sone kan operere innenfor hele temperaturomréadet il
TES, ved & stramme HTF gjennom blokkene/sonene for lading og utlading, i
henhold til temperaturen pa HTF blokkene/sonene, ved drift av ventiler og HTF i
serie og/eller parallell, fra hayere temperatur til lavere temperatur blokker/soner
eller side ved lading og fra lavere til hoyere temperatur blokker/soner eller side
ved utlading.

9.

Fremgangsmate i henhold til krav 8, der blokker eller soner ved en lade
inntaksside av TES lades til en lade temperatur som fortrinnsvis er over en
maksimal ladning HTF utleps temperatur fra TES, idet nedstrams blokker eller
soner er deretter suksessivt koples inline for HTF stramning for lading til lade
temperaturen inntil hele TES eller en del derav er ladet eller en maksimal HTF
lade utlops temperatur er nadd.

10.

Fremgansmate i henhold til krav 8 eller 9, hvorved stramningen av HTF fra
forskjellige blokker eller soner blandes, helt eller delvis, for & opprettholde en
fast eller minimum utleps temperatur pa HTF fra TES under lading av termisk

energi.

11.

Fremgangsmate i henhold til krav 8, der blokker eller soner ved en utlading
innlops side av TES utlades til en utladning temperatur som fortrinnsvis er
under et minimum utlading HTF utlep temperatur fra TES, idet nedstroms
blokker eller soner deretter suksessivt kobles inline for HTF stroamning for
utlading til utlading temperatur for hele TES eller en del derav er utladet eller en

minimum HTF utlading utlopstemperaturen er nadd.
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12.

Fremgangsmate i henhold til krav 8 eller 11, hvorved stramningen av HTF fra
forskjellige blokker eller soner blandes, helt eller delvis, for & opprettholde en
fast eller maksimal utleps temperatur pa HTF fra TES under utlading av termisk
energi, fortrinnsvis er stramningsretningen til HTF under utladning reversert

sammenlignet med stramningsretningen til HTF under lading.

13.

Fremgangsmate i henhold til ett av krav 8-12, hvorved en eller flere av falgende
ventiler betjenes, fortrinnsvis basert pa temperaturregulering: stramnings
reguleringsventiler (vi1.va1,.ve1) for kontroll av parallell masse
stramningsmengde; omlgp ventiler (viz;vaz,.ve2) arrangert i en innlgps lading
side rgrseksjon mellom innlgpsroret og seriell stramnings retur for blokken eller
sonen, for omlgpmasse stromning og seriell masse strgmningkontroll; lade side
svitsje ventiler (ver,vsom,.Ves) arrangert i et utlepsrar fra en blokk eller sone for
kontroll av seriell masse stramning og parallell masse stramning, idet TES
omfatter ett eller begge rarene: et utlgpsrar fra en blokk eller sone til utlep
lading manifold, et serie stramningsreturrgr arrangert fra et blokk eller sone
utlep eller fra en svitsje ventil i utlepsraret til innlgps ladesiden til neste i serie

blokk eller-sone.

14,

Fremngangsmate i henhold til ett av krav 8 — 13, hvorved stramningen av HTF
fra blokker eller soner styres ved & flytte stramningen av HTF fra blokker eller
soner i henhold til temperatur, over tid under drift, fortrinnsvis til der
temperaturforskjellen mellom HTF og blokkene eller sonene er starst samtidig
som det leveres HTF ut fra TES ved en konstant temperatur under lading og en
konstant temperatur under utlading, ved & skifte blokker eller soner i stramning,
fortrinnsvis opererer en sone pa en 24 timers syklus, en sone pé en ukentlig
syklus, og en sone som en termisk energi langsiktig eller sesongmessig
reserve, fortrinnsvis skiftes antall blokker i hver sone etter behov.

15.
Fremgangsmate i henhold til ett av krav 8-14, idet hver blokk omfatter et antall
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termiske energi lagring elementer, hvor hvert element omfatter et ytre skall som
en kombinert stape form, forsterkning og HTF vaeske lekkasje beholder
barriere, et faststoff termisk lagringsmedium i form av herdet betong som har
blitt stopt og herdet i det ytre skall, og minst en rgrvarmeveksler i form av et
rgrlengdeintervall innebygd eller stapt inn i betongen, hvor innlgpet og utlgpet
av rgrvarmeveksleren strekker seg ut fra en ende av skallet; et antall slike
elementer arrangert parallelt som en blokk, flere blokker arrangert som stabler
eller grupper av blokker, med innlgp lading manifolder,utlop lading manifolder
og vytterligere rar og ventiler pa den ene siden av hver stabel eller gruppe av
blokker, fortrinnsvis hele TES, med termisk isolasjon nedenfor, pa toppen og
rundt TES, idet TES betjenes lokalt fra bare én side av TES og/eller fjernstyres.

16.
Anvendelse av fremgangsmaten ifalge ett av krav 8-15, med et termisk
energilager TES ifolge ett av krav 1-7, for & gi en eller flere av fordelene eller
funksjonalitetene, i en hvilken som helst kombinasjon:
a. Parallell strgmning med svitsjing/skifting
b. Seriell stremning med svitsjing/skifting
c. Enhver kombinasjon av parallell og seriell stremning
d. Holde en gnsket HTF utlgp temperatur fra TES under lading
e. Holde en gnsket HTF utlgp temperatur fra TES under utlading
f. @kt mengde termisk energi ladet med HTF utlgp temperatur som for (d)
g. @kt mengde termisk energi utladet med HTF utlgp temperatur som for (e)
h. Oppna konstant termisk effekt med konstant HTF masse strgmning under
lading fase, sammenlignet med State of the art teknologi hvor masse
strommen ma gkes for a opprettholde konstant effekt.
i. Oppna konstant termisk efekt med konstant HTF masse strgmning under
utladningsfasen, sammenlignet med State ofthe art teknologi der masse
strommen ma gkes for a opprettholde konstant effekt.

j-  Mulighet for sone regulering av TES med ulike syklusmal og driftsmoduser
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k. Oppna forbedret generell sikkerhet av TES pa grunn av et omfattende system
av kontroll ventiler som kan lukkes automatisk.

I.  Muliggjgre inspeksjoner, vedlikehold og/eller reparasjoner, inkludert ogsa
drenering av HTF, av en eller flere deler av den generelle TES mens andre deler

opprettholdes i drift
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