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(67)  Thisinvention relates to a system and a method
for large scale energy storage in power generation sys-
tems using circulating fluidized bed combustors wherein
the system can be further interconnected with another
reactor that captures CO2 with CaO, thereby enhancing
the energy storage density in the system by using the
enthalpy of the reversible reaction of CO2 with CaO,
wherein the system and the method of this invention are
characterized by a large flexibility between periods of

12
1

maximum power output and complementary periods of
low power output, wherein at maximum power output, a
circulation of solids from a high temperature silo to a low
temperature silo is established through the system of the
invention and at minimum power output, part of the ther-
mal energy released in the circulating fluidized bed com-
bustor is used to heat up solids from the low temperature
silo and store them in the high temperature silo.

47

49

FIG. 1

Printed by Jouve, 75001 PARIS (FR)



1 EP 2 762 781 A1 2

Description

FIELD OF THE INVENTION

[0001] Thisinvention relates to a system and a method
for large scale energy storage in power generation sys-
tems using circulating fluidized bed combustors fired with
air, or fired with oxygen. This system can be further in-
terconnected with another reactor that captures CO, with
CaO, thereby enhancing the energy storage density in
the system by using the enthalpy of the reversible reac-
tion of CO, with CaO. The system and the method of this
invention are characterized by a large flexibility between
periods of maximum power output and complementary
periods of low power output. At maximum power output,
a circulation of solids from a high temperature silo to a
low temperature silo is established through the system
of the invention. At minimum power output, part of the
thermal energy released in the circulating fluidized bed
combustor is used to heat up solids from the low temper-
ature silo and store them in the high temperature silo. In
systems and methods capturing CO, with CaO, part of
the thermal energy released during periods of maximum
power output comes from the carbonation of CaO and in
periods of low power output part of the thermal energy
released during combustion is used to calcine CaCOj5
and store CaO.

DESCRIPTION OF THE PRIOR ART

[0002] According to the best science available, as re-
viewed by the Intergovernmental Panel of Climate
Change, climate changeis a physical reality and the signs
of its negative consequences are increasingly obvious in
many parts of the world. Aggressive climate change mit-
igation policies are needed to be able to decarbonising
the global energy system and stabilize global warming
below 2°C. All reasonable scenarios investigating possi-
ble paths to decarbonise the energy system with mini-
mum cost predict a substantial penetration of renewable
energy and CO, capture and storage technologies. The
role of these options could be even more important when
considering renewed difficulties to deploy nuclear in
many countries.

[0003] Renewable energies still face large uncertain-
ties on cost when deployed with a very high share of the
total energy system, in particular when the energy prod-
uct is electricity. One of the reasons for their high cost is
that they are intermittent, and they need complex elec-
tricity transmission networks, electricity storage and/or
back up infrastructures to adapt their supply curves to
the demand curves. Although there is a major effort
worldwide to develop technologies to store electricity at
large scale, no economic solution has been generalized
today. Therefore, in countries with a substantial contri-
bution of renewables in the electricity mix, backup fossil
power generation is used today to fill the time periods
where renewable energy is not available. In these con-
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ditions fossil energy has a lower priority to access the
variable demand market of electricity and very rapid and
drastic changesin power output are expected. Obviously,
this scenario of low capacity factors of fossil power plants
is far more expensive than an optimum situation where
similar equipment operates in continuous or base-load
mode of operation.

[0004] The previous problem will be exacerbated when
considering the use of fossil fuels for power generation
with CO, capture and permanent geological storage,
CCS, which widely recognized as a major mitigation op-
tion of climate change. Power plants with CCS are com-
plex, integrated systems that are inherently capital inten-
sive, in particular when they are coal-based power gen-
eration. Therefore, for economic and technical reasons,
power plants with CCS cannot be very flexible in their
power output.

[0005] Inthis context, energy storage in fossil fuel pow-
er plants, with and without CCS, is an attractive technical
option, as it would allow variability of the power outputs
irrespective of the thermal power input. The idea of en-
ergy storage in fossil fuel power plants is not new. An
early example in the state of the art of large scale energy
storage in coal power plants is the report of Drost et al
"Thermal energy storage for coal-fired power genera-
tion", MK Drost, S Somasundaram et al, Fossil Fuel Plant
Cycling Conf. Washington, Dec 1990, where they de-
scribe a concept in which a coal-fired power plant heats
a molten salt from 288°C to 566°C and store the salt in
a high temperature tank during low electricity demand
periods. During peak demand periods, the hot salt is with-
drawn from the high temperature tank and used as a heat
source for a steam generator returning the cold molten
salt to a low temperature tank ( at 288°C). This technol-
ogy does not seem to have penetrated the market, prob-
ably because the cost associated to the thermal energy
storage system is higher than the cost of the power plant
equipment necessary to deliver the same variable ther-
mal power.

[0006] Itis a common practice in power plants to ac-
commodate load changes, to as low as the combustion
equipment allows from the maximum power output. How-
ever, the energy efficiency of the plant decreases dras-
tically below a certain load level and the fugitive emis-
sions of the plant deteriorate during these transient pe-
riods, as combustion is carried out away from optimum
design conditions. If the demand of electricity is below
this threshold, a shut down of the plant is necessary,
followed by a hot start, a warm start or a cold start de-
pending on the length of off line period of the plant (from
a few hours to several days or weeks). Therefore, in to-
day’s power generation market, there is a substantial en-
ergy and economic penalty when the power generation
equipment is forced to operate with load changes and
offline periods. However, this economic penalty seems
to be lower than the economic penalty associated to the
investment on a large scale energy storage system in
the power plant.
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[0007] Innew power generation systems incorporating
CCS, the capital cost associated to the thermal power
equipment is much higher than in the equivalent systems
without CCS. Therefore, it is obvious that a wider eco-
nomic window exist for the design of large scale energy
storage systems in power plants incorporating CCS. This
is already recognized in the state of the art, and all major
technology options for CO, capture from power plants
(postcombustion systems, oxy-combustion systems, or
pre-combustion systems) are investigating process op-
tions that allow for large flexibility and drastic load chang-
es (See for example: John Davison, "The need for flexi-
bility in power plants with CCS", IEA Greenhouse Gas
R&D Programme. Workshop on Operating Flexibility of
Power Plants with CCS, London, 11th-12th Nov 2009).
However, no cost-effective and generally accepted tech-
nical solution is yet available for the large scale energy
storage in the different types of fossil power plants with
or without a CO,, capture system.

[0008] One particular type of large scale power plant
makes use of Circulating fluidized bed combustors, CF-
BC. These devices are widely deployed in the coal power
sector and other large scale industries. They usually burn
in their combustor chambers coal, biomass or other solid
fuel with air. They are known to work at relatively large
superficial velocities, which allow an effective transport
of circulating solids through the combustor and a very
intense mixing of solids that provides them with high heat
transfer characteristics. One or several cyclones are usu-
ally installed at the exit of these combustors to separate
the combustion flue gas from the circulating solids. Solids
coming from the cyclone are recirculated in a large extent
to the combustor. Heat released in the combustion can
be partially recovered inside the combustion chamber
(for example by transferring heat to water pipes that are
part of a boiler of a steam cycle). It is also part of the
state of the artto operate the combustor in adiabatic con-
ditions and extract the excess heat from the combustor
by using the circulating solids as heat carriers. In this
case, an external fluidized bed heat exchanger is usually
arranged in the return path of the circulating solids, to
transfer part of their heat to a bank of tubes that is part
of the steam cycle, and return the cooled solids to the
combustion chamber. Circulating solids are typically fine
ash and Ca-rich materials typically used for sulfur capture
purposes. Equipment to handle and control solid flows
(loop seals and other solid valves, equipment to divert
falling flows of solid , etc) is also part of the state of the
art of these and other large scale industries (i.e. power
generation, cement, mineral roasting etc) that are familiar
with the handling of flowing streams of solids at high tem-
peratures.

[0009] Circulating fluidized bed combustor power
plants using O, as a comburent, instead of air are also
known in the state of the art. However, this is atechnology
still in the development stage, as related for example in
patent application US20090293782 (A1).

[0010] It is also known a Ca-looping postcombustion
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CO, capture system, where the flue gas from a power
plant is first put in contact with CaO to absorb CO, and
form CaCO; in a carbonator reactor, that emits a flue gas
with a reduced content of CO,. The stream of solids con-
taining CaCQOj is calcined in an oxyfired CFB combustor
at a temperature around or above 900°C in an atmos-
phere of concentrated CO,. The basic concept was de-
scribed by T. Shimizu, et al "A twin bed reactor for re-
moval of CO2 from combustion processes”, Trans |
Chern E, 77A, 1999 and has experienced a fast devel-
opment in recent years up to the MW scale (see for ex-
ample Sanchez-Biezma et al, "Testing postcombustion
CO2 capture with CaO in a 1.7 MWt pilot facility", Energy
Procedia 2013). Energy storage in these large scale CO,
capture systems for power generation has never been
considered in the state of the art. However, there is fun-
damental background in the state of the art (e.g. R. Bark-
er, "The reversibility of the reaction CaCO3 = CaO +
CO2", J. Appl. Chem. Biotechnol. 23 (1973) 733-742;)
on the use of CaO/CaCOj reversible reaction to store
energy from nuclear reactors. Newer schemes have
been proposed for the storage of solar energy using the
reversible carbonation-calcination reaction of the
Ca0/CaCO5 chemical loop (S.E.B. Edwards, V. Materic.
"Calcium looping in solar power generation plants", Vol-
ume 86, Issue 9, September 2012, Pages 2494-2503).

[0011] Silos allowing for storage of fine powdered sol-
ids at low temperature and at high temperature, and
equipment to handle and control the solid streams com-
ing in or out of the silo are also known.

[0012] Of particular interest for this invention are fluid-
ized bed heat exchangers that extract heat from circulat-
ing solids at high temperature to a working fluid (for ex-
ample water/steam mixture of a steam cycle for power
generation). This kind of heat exchangers form part of
CFBC power plants. These fluidized bed heat exchang-
ers can be arranged in series for more efficient, counter-
current flow heat transfer from the solids to the working
fluid. Arecentexample of such an arrangementis a series
of fluidized beds of sand to efficiently exchange heat from
circulating sand at high temperature to a steam cycle (K.
Schwaiger, M. Haider et al, sandTES - A novel Thermal
Energy Storage System based on Sand, 21st interna-
tional conference on Fluidized Bed Combustion, Naples,
2012).

[0013] Despite the commercial availability and existing
prior art of specific systems and components for energy
storage reviewed in the paragraphs above, there is today
no system to efficiently and economically store large
quantities of thermal and chemical energy in a large solid
fuel power plant, with or without CCS. In particular, no
technical solutions is available to exploit the energy stor-
age potential of very high temperature solids abandoning
a circulating fluidized bed combustor, an oxyfired circu-
lating fluidized bed combustor or a Ca-looping system
using high temperature solids coming from circulating
fluidized bed combustors. The system of this invention
provides a solution for this challenge and the methods
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described in this invention allow for new coal based pow-
er generation systems with or without CO, capture that
incorporate highly efficient means of large scale energy
storage, making them much more economic and com-
petitive in electricity markets where they are forced to
operate with very high levels of flexibility and load chang-
es.

SUMMARY OF THE INVENTION

[0014] This invention refers to a system and a method
for large scale energy storage in power generation sys-
tems using circulating fluidized bed combustors fired with
air, or fired with oxygen, to achieve novel power plant
system configurations with a high flexibility to operate at
different levels of thermal power output. The system and
the method of this invention exploit the inherent thermo-
dynamic benefits for efficient energy storage associated
with the very high temperatures characteristic of the sol-
ids circulatingin circulating fluidized bed combustion sys-
tems, CFBC. In addition, the system of this invention re-
fers to CO,, capture systems using a CaO/CaCO3 chem-
ical loop for CO, capture from flue gases that also uses
high temperature circulating fluidized bed reactors. The
use of the reversible CaO reaction with CO, to give
CaCOg3, which has a very high enthalpy of reaction (-168
kd/mol at normal conditions), allows for additional flexi-
bility in the power output of the system presented in this
invention.

[0015] The system is intended for the combustion of a
fuel in a circulating fluidized bed combustor, preferably
attypical temperatures of around 800-950°C (to allow for
in situ SO, capture in the combustor), while incorporating
large scale thermal energy storage comprising:

i) a circulating fluidized bed combustor with a first
pipe for supplying a fuel and a second pipe for sup-
plying a comburent through a gas distributor, the cir-
culating fluidized bed combustor being connected to
ii) a first cyclone for separating the resulting hot flue
gas and the hot solids stream circulating to the cir-
culating fluidized bed combustor,

wherein the system further comprises;

iii) a first device for splitting solid streams falling by
gravity fromthefirst cyclone, directing the solids from
the first cyclone

a) towards the circulating fluidized bed combus-
tor through a third pipe,

b) towards a higher temperature silo that re-
ceives higher temperature solids through a
fourth pipe, directing the solids from the higher
temperature silo to a first fluidized bed heat ex-
changer, and

c) towards a lower temperature silo for storing
lower temperature solids from a second fluidized
bed heat exchanger, the lower temperature silo
connected to the second fluidized bed heat ex-
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changer by means of a fifth pipe and connected
to the circulating fluidized bed combustor by
means of a sixth pipe, and

iv) a first solid control device for controlling the feed
of the higher temperature solids from the higher tem-
perature silo.

v) a second control device for controlling the feed of
the lower temperature solids from the lower temper-
ature silo to the circulating fluidized bed combustor.

[0016] The system of the presentinvention exploits the
high thermal energy content of the large solid circulation
flow at high temperature characteristic of circulating flu-
idized bed combustors. The temperatures of the solids
in the higher temperature silo are expected to be very
close to those typical in the combustion chamber, be-
tween 800-950°C, preferably 850°C when the comburent
is air. The higher temperature silo and/or the lower tem-
perature silo are located between the minimum height of
the cyclone and the lower point of the circulating fluidized
bed combustion chamber, just above the gas distributor
of such combustion chamber , so that circulation of the
downwards part of the higher temperature circulation
loop of the solids is facilitated by gravity and the upward
part (riser) is simply carried out by the circulating fluidized
bed combustion chamber.

[0017] The method of energy storage using circulating
fluidized bed combustors of the present invention com-
prises the following stages:

i) feeding a flow of fuel and comburent to a circulating
fluidized bed combustion chamber, separating the
resulting hot flue gas and solids streams from the
circulating fluidized bed combustion chamber, char-
acterized in that the inputs of fuel, comburent and
solid circulation through the circulating fluidized bed
combustion chamber allow variable thermal power
output by working between two operation modes:

a) afirst operation mode of maximum power out-
put with maximum flow of fuel and comburent to
the circulating fluidized bed combustion cham-
ber, where additional thermal power to the
steam cycle is obtained extracting heat from the
hot solids stream in a second fluidized bed heat
exchanger directing the solids stream to a lower
temperature silowhere lower temperature solids
are stored, by arranging higher temperature sol-
ids to flow from a higher temperature silo through
thefirst fluidized bed heat exchanger cooling the
higher temperature solids in a controlled way by
means of a first solid control device disposed
between the highertemperature silo and the first
fluidized bed heat exchanger, and

b) a second operation mode of minimum power
output with minimum flow of fuel and comburent
to the circulating fluidized bed combustion
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chamber where the thermal output from the first
fluidized bed heat exchangeris zero and the low-
er temperature solids flow from the lower tem-
perature silo towards the circulating fluidized
bed combustion chamber in a controlled way by
means of a second solid control device disposed
between the lower temperature silo and the cir-
culating fluidized bed combustion chamber so
that the excess thermal power released in the
circulating fluidized bed combustion chamber is
transferred to the lower temperature solids so
that the resulting higher temperature solids flow
to the higher temperature silo, where the higher
temperature solids are stored.

[0018] The previous method can be applied using cir-
culating fluidized bed combustors that use air as a com-
burent. When integrated with a state of the art steam
cycle, the resulting system would be a highly flexible CF-
BC power plant in which a fixed value of coal (or other
fuel) could be set to enter the circulating fluidized bed
combustor, and this power input could remain stable and
unchanged following the method of this invention, despite
large changes in the power output. Alternatively, in the
second operation mode, minimum power output could
be made even lower by reducing the flows of fuel and
comburent within the normal limits of operation of the
combustor, which can be about 50% of the maximum
power output. The first operation mode of maximum pow-
er output from the power plant defines the scale of the
steam cycle and associated power generation equip-
ment. This can be freely chosen within certain limits that
are governed by the mass and heat balances in the sys-
tem, by the volume of the storing silos, by the bulk density
and specific heat capacity of the solids, and by the tem-
perature of the solids stored in the silos. In any case, the
fraction of time per year operating at maximum power
output, or alternatively, the fraction of energy generated
during a certain period of time divided by the maximum
possible energy generated during that period of time
(called here the capacity factor) can vary greatly in this
power plant without having to switch off the circulating
fluidized bed combustor and associated components.
When electricity market conditions request maximum
power for relatively short periods of time (low capacity
factors), the system and the method above described are
able to supply with a relatively small circulating fluidized
bed combustor the same maximum power output than a
much higher combustor designed to supply the same
maximum power output. This is achieved thanks to the
boosting effect of the higher temperature solid storage
system of the system of the presentinvention. Therefore,
the application of the methods described so far in this
invention will translate into economic savings respect to
the standard CFBC systems when the capital cost of the
additional elements required in the storage system
(mainly the silos, the second heat exchanger, and asso-
ciated auxiliary equipment) is lower than the difference
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in capital cost between the standard CFBC to produce
the same maximum power output and the system of the
present invention. Further economic benefits in favour of
the system of the present invention arise from the faster
response expectedinthe system when fastload changes
and/or pick demands of electricity need to be undertaken.
This is because the circulating fluidized bed combustor
in the present invention is always in operation at steady
state conditions despite the large changes allowed in the
power output. The stable conditions in the combustor will
also lead to energy efficiency gains and environmental
benefits as transient combustion conditions are avoided.
[0019] The previous benefits of the energy storage sys-
tem disclosed in this invention are even more evident
when applied to more capital intensive power generation
systems. One of such systems can be an oxyfired Circu-
lating Fluidized Bed Combustor power plant, designed
to capture and store CO,. These systems incorporate,
among other elements, a costly Air Separation Unit to
obtain a pure stream of O,, auxiliary equipment for flue
gas recycle and a Compression and Purification Unit to
bring the CO, to supercritical conditions and allow trans-
port and permanent geological storage, For these com-
plex systems it is extremely difficult and/or expensive to
operate in conditions different to full load operation and/or
lower capacity factors. In these conditions, it will be a
great cost advantage to make use of the system and
method of this invention. Such system is similar to that
represented in Figure 1, by making the comburent fed to
circulating fluidized bed combustor a mixture of concen-
trated O, and CO,. As discussed in previous paragraphs
forthe air-fired case, this new system will yield substantial
capital savings and operational benefits from using a
smaller and stable oxyfuel CFB combustor while being
able to supply periods of maximum power output identical
to those of a much large oxyfired CFBC system.

[0020] Anothersucha capitalintensive system thatcan
benefit from this invention because it also uses high tem-
perature circulating fluidized bed reactors, is calcium
looping systems that use CaO as a reversible sorbent to
capture CO,.

[0021] The previous descriptions and the associated
examples are not restricted to operation modes of the
system of this invention in extremes modes of operation
only. Intermediate thermal power outputs can be ob-
tained from the systems represented in Figure 1 by split-
ting the total flow of solids through the circulating fluidized
bed combustor and the cyclone in different solid streams
through the third, fourth and fifth pipes and allowing dif-
ferent flows of solids from the solid silos to the circulating
fluidized bed combustor. In addition, a wide variability of
temperatures can be considered in the silos depending
of the number and efficiencies of the fluidized bed heat
exchangers arranged in series. Many of these variants
should be evidentfor a skilled person in the art attempting
to attain a certain power output profile (power output at
different times) among the extremes of maximum load
of solids in the higher temperature silo and lower tem-
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perature silo of the system of Figure 1.

[0022] The circulating solids can be a mixture of ash
from the coal fed to the circulating fluidized bed combus-
tor and calcium derived solids routinely used in CFBCs
as a sorbents of SO, (the purge system of these ashes
has been omitted for simplicity in Figure 1). However, in
order to substantially minimize the volume of the silos, it
will be beneficial to run the system of Figure 1 with a
circulation of a low cost inert solid of high particle bulk
densities. There could be many of these solids, stable at
high temperatures and with suitable properties for fluid-
ization, such as oxides of Al, Fe, Mn or Ti or mixed natural
oxides like ilmenite or olivine. Ashes accumulated from
the fuel combustion should be purged (not shown in the
figure for simplicity) from these batch of dense solid cir-
culating in the energy storage system of Figure 1.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] A set of drawings is attached wherein, with il-
lustrative and non-limiting character, the following has
been represented:

Figure 1: shows a general scheme of the first and
second devices of this invention (air fired CFBC and
oxyfired CFBC respectively) comprising the higher
temperature and lower temperature silos, the fluid-
ized bed heat exchangers and the solid control and
splitting devices arranged in the characteristic man-
ner of this invention.

Figure 2: shows a general scheme of the Calcium
looping CO, capture systemincorporating an energy
storage system that can be operated in operating
modes with different thermal power output without
altering the combustion conditions in the oxyfired cal-
ciner.

Figure 3: shows a general scheme of the Calcium
looping CO, capture systemincorporating an energy
storage system as in Figure 2, but with further oper-
ation modes, including an oxyfired calciner that can
even operate as the device of Figure 1.

DETAILED DESCRIPTION OF THE PREFERRED EM-
BODIMENTS

[0024] This invention refers to a system and a method
for large scale energy storage in power generation sys-
tems using circulating fluidized bed combustors fired with
air, or fired with oxygen, to achieve novel power plant
system configurations with a high flexibility to operate at
different levels of thermal power output. The system and
the method of this invention exploit the inherent thermo-
dynamic benefits for efficient energy storage associated
with the very high temperatures characteristic of the sol-
ids circulatingin circulating fluidized bed combustion sys-
tems, CFBC. In addition, the system of this invention re-
fers to CO, capture systems using a CaO/CaCO3 chem-
ical loop for CO, capture from flue gases that also uses
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high temperature circulating fluidized bed reactors. The
use of the reversible CaO reaction with CO, to give
CaCOg3, which has a very high enthalpy of reaction (-168
kJ/mol at normal conditions) allows for additional flexibil-
ity in the power output of the system presented in this
invention.

[0025] A first system disclosed in this invention is pre-
sented in Figure 1 and is intended for the combustion of
a fuel in a circulating fluidized bed combustor at typical
temperatures of around 800-950°C (usually 850°C to al-
low for in situ SO, capture in the combustor by CaO)
while incorporating large scale thermal energy storage
comprising:

i) a circulating fluidized bed combustion chamber
(40) with a first pipe (1) for supplying a fuel and a
second pipe (2) for supplying a comburent through
a gas distributor, the circulating fluidized bed com-
bustion chamber (40) connected to a first cyclone
(41) and a first fluidized bed heat exchanger (42) for
receiving solids from the first cyclone (41) and/or
from a higher temperature silo (43), wherein the first
cyclone (41) separates the resulting hot flue gas (12)
and hot solids stream (11) from the circulating fluid-
ized bed combustion chamber (40),

ii) a first device (44) for splitting solid streams falling
by gravity from the first cyclone (41) directing the
solids towards the first fluidized bed heat exchanger
(42) that receives the high temperature solids
through a third pipe (3), towards the higher temper-
ature silo (43) that receives higher temperature sol-
ids through a fourth pipe (4), and towards a second
fluidized bed exchanger (45) that receives higher
temperature solids through a ninth pipe (9).

[0026] The solids from the first cyclone (41) may be
directed to the first fluidized bed heat exchanger (42)
connected to the circulating fluidized bed combustion
chamber (40) by means of a second device (46) for split-
ting solid streams through a seventh pipe (7).

[0027] The system further comprises a bypass or
eighth pipe (8) of the first fluidized bed heat exchanger
(42) to be used during periods of low thermal load in the
circulating fluidized bed combustion chamber (40), using
the second device (46) for splitting solid streams (a di-
vertor, a double loop seal or any other mechanical mean
to divert solid flows).

[0028] The system further comprises:

iii) at least a second fluidized bed heat exchanger
(45) that can effectively transfer heat from the higher
temperature solid stream to the steam cycle of the
power plant, the second fluidized bed heat exchang-
er (45) connected to the first device (44) for splitting
solid streams by means of a ninth pipe (9), and

iv) a lower temperature silo (47) for storing lower
temperature solids from the second fluidized bed
heat exchanger (45), the lower temperature silo (47)
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connected to the second fluidized bed heat exchang-
er (45) by means of a fifth pipe (5)

v) a first solid control device (48) to feed hot solids
from the higher temperature silo (43) to the circulat-
ing fluidized bed combustion chamber (40) by means
of a tenth pipe (10) that connects the first fluidized
bed heat exchanger (42) to the circulating fluidized
bed combustion chamber (40), and

vi) a second solid control device (49) to feed lower
temperature solids from the lower temperature silo
(47) to the circulating fluidized bed combustion
chamber (40) by means of a sixth pipe (6).

[0029] The system of the presentinvention exploits the
high thermal energy content of the large solid circulation
flow at higher temperature characteristic of circulating
fluidized bed combustors.

[0030] The arrangement of elements in the system of
the present invention facilitates the handling and trans-
port of large flows of very high temperature solid materials
between silos. This is particularly relevant in the system
of Figure 1, where temperatures of the solids in the higher
temperature silo are expected to be very close to those
typical in the combustion chamber (40), between
800-950°C, preferably 850°C to maximize the in situ SO,
capture with CaO in the CFBC (40). The higher temper-
ature silo (43) and/or the lower temperature silo (47) are
located between the minimum height of the first cyclone
(41) and the lower point of the circulating fluidized bed
combustion chamber, just above the gas distributor of
such combustion chamber (40), so that circulation of the
downwards part of the higher temperature circulation
loop of the solids is facilitated by gravity and the upward
part (riser) is simply carried out by the circulating fluidized
bed combustion chamber (40).

[0031] The method of energy storage using circulating
fluidized bed combustors of the first system of present
invention comprises the following stages:

i) feeding a maximum flow of fuel and comburent to
a circulating fluidized bed combustion chamber (40),
separating in a first cyclone (41) the resulting hot flue
gas and solids streams from the circulating fluidized
bed combustion chamber (40), and recovering part
of the heat released in the fuel combustion by ex-
tracting heat from the hot solids stream in a first flu-
idized bed heat exchanger (42); or alternatively feed-
ing a minimum flow of fuel and comburent to the cir-
culating fluidized bed combustion chamber (40) and
arranging for part or all of the circulating solids to
bypass the first fluidized bed heat exchanger (42)
wherein variable thermal power output is allowed
while maintaining stable conditions in the circulating
fluidized bed combustion chamber (40), by working
between two operation modes:

a) a first operation mode of maximum power out-
put with maximum flow of fuel and comburent to
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the circulating fluidized bed combustion cham-
ber (40), where additional thermal power to the
steam cycle is obtained allowing all solids leav-
ing the firstcyclone (41) to flow through a second
fluidized bed heat exchanger (45) directing the
solids stream to a lower temperature silo (47),
where lower temperature solids which heat is
extracted are stored, while maintaining a flow of
solids through the circulating fluidized bed com-
bustion chamber (40) by arranging higher tem-
perature solids to flow from a higher temperature
silo (43) through the first fluidized bed heat ex-
changer (42) cooling the solids and feeding them
to the circulating fluidized bed combustion
chamber (40) in a controlled way by means of a
first solid control device (48) disposed between
the higher temperature silo (43) and the first flu-
idized bed heat exchanger (42), and

b) a second operation mode of minimum power
output with minimum flow of fuel and comburent
to the circulating fluidized bed combustion
chamber (40) where the thermal output from the
first fluidized bed heat exchanger (42) is zero by
diverting solids through a bypass or eighth pipe
(8) and the lower temperature solids are fed from
a lower temperature silo (47) to the circulating
fluidized bed combustion chamber (40) in a con-
trolled way by means of a second solid control
device (49) so that the excess thermal power
released in the circulating fluidized bed combus-
tion chamber (40) is transferred to the lower tem-
perature solids so that the resulting higher tem-
perature solids flow to the higher temperature
silo (43), where the high temperature solids are
stored.

[0032] A second system disclosed in this invention
contains several common elements as those described
above, but include several particular features that can
make it even more economically attractive than those
described above for large scale and flexible power gen-
eration from fossil fuels with CO, capture. The system
concerned is represented in Figure 2 and is a system for
CO, capture from a flue gas by calcium looping. As dis-
cussed in the state of the art, this is a CO, capture tech-
nology inherently more economic than the oxyfired CFB
system that comprises:

i) a circulating fluidized bed carbonator (50) with a
eleventh pipe (13) supplying a flue gas containing
diluted CO,, coming from an existing combustion
power plant (not shown in Figure 2 for simplicity),
just before this flue gas is sent to the stack. The car-
bonator reactor typically has a twelfth pipe (14) sup-
plying solids rich in CaO from a circulating fluidized
bed combustor (52) that is an oxyfired circulating flu-
idized bed calciner, (in order to increase the resi-
dence time and the total inventory of the solids in the
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carbonator). The carbonator (50) is typically con-
nected to a second cyclone (51) for separating the
flue gas depleted in CO2 (16) and the partially car-
bonated solid stream containing CaCO3 (17) where-
in part of the partially carbonated solids stream con-
taining CaCOj, (17) is recirculated to the circulating
fluidized bed carbonator (50) through a thirteenth
pipe (15) and the remaining stream of high temper-
ature solids containing CaCOj is sent to the oxyfired
circulating fluidized bed calciner (52),

i) an oxyfired circulating fluidized bed combustor
(52) operating as a calciner with a first pipe (18) sup-
plying a fuel, a second pipe (19) supplying a mixture
of O, and CO, through a gas distributor, a fourteenth
pipe (20) supplying a stream of solids containing
CaCOgthattypically comes from the second cyclone
(51). There is also a third pipe (21) supplying recir-
culated solids from the oxyfired circulating fluidized
bed calciner (52) from a first cyclone (53) in order to
increase the residence time and the inventory of sol-
ids in the oxyfired circulating fluidized bed calciner
(52). The first cyclone (53) separates the CO, rich
gas (22) from the calcined solid stream containing
CaO0 (23). The CO, rich gas (22) coming from the
oxyfired circulating fluidized bed calciner (52) will be
connected downstream with all necessary equip-
ment for efficient power generation and CO, condi-
tioning and compression. Part of this CO, may be
recycled to form part of the mixture of O, and CO,
entering the gas distributor by means of the second
pipe (19) together with the purified O, generated in
an air separation unit (not shown in Figure 2 for sim-
plicity),

iii) a first (55) and a third (54) devices for splitting the
calcined solid stream containing CaO (23) and the
partially carbonated solid stream containing CaCO4
(17) respectively each into several solid streams.
The third device (54) for splitting solid streams falling
by gravity from the second cyclone (51) directs the
solids

a) towards the circulating fluidized bed carbon-
ator (50) through the thirteenth pipe (15),

b) towards the oxyfired circulating fluidized bed
calciner (52) through the fourteenth pipe (20),
and

c) towards the lower temperature silo (57) for
storing lower temperature solids through a fifth
pipe (30) that connects a second fluidized bed
heat exchanger (56) to the lower temperature
silo (57).

The first device (55) for splitting the calcined solid
stream containing CaO (23) falling by gravity from
the first cyclone (53) directs the solids

a) towards the oxyfired circulating fluidized bed
calciner (52) through the third pipe (21),
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b) towards a higher temperature silo (58) that
receives high temperature solids through a
fourth pipe (24), and

c) towards the circulating fluidized bed carbon-
ator (50) by means of a fifteenth pipe (25),

iv) at least a third fluidized bed heat exchanger (59)
to extract heat from the high temperature stream of
solids containing CaO from the fifteenth pipe (25)
before feeding them to the circulating fluidized bed
carbonator (50) through the twelfth pipe (14). The
working fluid extracting the heat from this fluidized
bed will typically be part of an steam cycle of a power
plant,

v) a sixteenth pipe (26) in the circulating fluidized
bed carbonator (50) or in the oxyfired circulating flu-
idized bed calciner (52) to supply a CaCO5 make up
flow of fresh limestone that sustains the CO, carrying
capacity of the CaO particles and compensate from
CaO losses by attrition or sulfation. A seventeenth
pipe (27) in the circulating fluidized bed carbonator
(50) or in the oxyfired circulating fluidized bed cal-
ciner (52) is disposed to purge an equivalent flow of
solids and avoid the accumulation of ashes and Cal-
cium derived solids.

[0033] The device further comprises:

vi) afirst solid control device (60) to feed higher tem-
perature solids from the higher temperature silo (58)
to a first fluidized bed heat exchanger (61) that dis-
charges lower temperature solids rich in CaO to the
circulating fluidized bed carbonator (50) through a
eighteenth pipe (28), and

vii) a second solid control device (62) to feed solids
from the lower temperature silo (57) to the oxyfired
circulating fluidized bed calciner (52) through a sixth

pipe (31).

[0034] The method of energy storage using circulating
fluidized bed combustors, more preferably a method for
CO, capture from a flue gas by calcium looping, using
the second system described above as a calciner of
CaCOs; is diclosed in this invention, comprising the fol-
lowing stages:

i) feeding a flow of fuel and comburent to a oxyfired
circulating fluidized bed calciner (52) to decompose
CaCOgj into arich stream of CO, (22) and a calcined
solid stream containing CaO (23),

i) feeding a flow of flue gas containing CO, and a
flow of solids containing CaO to a circulating fluidized
bed carbonator (50) in conditions to allow an effec-
tive capture of CO, by CaO to form a partially car-
bonated solid stream containing CaCO5 (17) and a
flue gas with low concentration of CO, (16),

iii) recycling recirculated solids from the circulating
fluidized bed carbonator (50) through the thirteenth
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pipe (15), supplying a part of partially carbonated
solid stream containing CaCO3 (17) from the circu-
lating fluidized bed carbonator (50), to increase res-
idence time of solids in the circulating fluidized bed
carbonator (50) and sending the remaining solid
stream to the oxyfired circulating fluidized bed cal-
ciner (52) to decompose the CaCOj into a rich
stream of CO, (22) and a calcined solid stream con-
taining CaO (23),

iv) recycling recirculated solids from the oxyfired cir-
culating fluidized bed calciner (52) through a third
pipe (21) supplying part of the calcined solid stream
containing CaO (23), to increase residence time of
solids in the oxyfired circulating fluidized bed calciner
(52) and sending the remaining stream of high tem-
perature solids containing CaO by means of a fif-
teenth pipe (25) to a third fluidized bed heat exchang-
er (59) to cool the high temperature calcined solids
containing Ca0, and feeding these solids to the cir-
culating fluidized bed carbonator (50), thereby start-
ing again the CO, capture looping cycle.

[0035] As discussed in previous paragraphs for oxy-
fired CFBC power plants, the full CO, capture system is
a complex and highly integrated system, and drastic
changes in the power output are associated to technical
and economic inefficiencies. It is particularly difficult to
follow load changes with the oxy-fired circulating fluidized
bed calciner (52), as thisis connected to an air separation
unit supplying pure O, and a full CO, purification and
compression train of the CO, rich gas stream, part of
which is recycled to the mixture stream of O, and CO,
as part of the state of the art of oxyfired systems. The
method of this invention provides a solution to uncouple
the power output in the system from the operation con-
ditions of the oxyfired circulating fluidized bed calciner of
Figure 2 and be able to operate with different power out-
puts. The method is therefore characterized in that var-
iable thermal power output is allowed while maintaining
stable conditions in the circulating fluidized bed calciner
(52), by working between the two extreme operation
modes described for the first system and wherein:

a) the first operation mode of maximum power output
further comprises the maximum flue gas flow to the
circulating fluidized bed carbonator (50), where ad-
ditional thermal power is obtained from the second
fluidized bed heat exchanger (56) due to that the
second fluidized bed heat exchanger (56) receives
a higher temperature solids stream from a third de-
vice (54) for splitting the partially carbonated solids
stream containing CaCO5 (17) and delivers a lower
temperature solid stream of carbonated solids
through a fifth pipe (30) to the lower temperature silo
(57) and additional thermal power is obtained from
the first fluidized bed heat exchanger (61) that dis-
charges lower temperature solids rich in CaO to the
circulating fluidized bed carbonator (50) through a
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eighteenth pipe (28).

[0036] Inthis situation, the CO, capture system is gen-
erating the thermal power of the fuel feed through the
first pipe (18) plus the thermal power generated in the
carbonation of the CaO reacting with the CO,, or flue gas
coming in the thirteenth pipe (13) plus the thermal power
extracted from the high temperature solids flowing from
the higher temperature silo (58) to the lower temperature
silo (57). Obviously, this beneficial maximum power out-
put scenario can only last until the high temperature CaO
stored in the higher temperature silo (58) is depleted. In
order to load the higher temperature silo (58) with high
temperature calcined solids rich in CaO0, it is necessary
that during certain periods of time the system operates
in conditions such that a surplus of thermal energy is
available in the oxyfired circulating fluidized bed calciner
to heat up and calcine an additional flow of solids respect
to those coming after reacting with CO, in the circulating
fluidized bed carbonator.

b) Therefore the second operation mode of minimum
power output further comprises the minimum flue
gas flow to the circulating fluidized bed carbonator
(50) where the resulting excess in the thermal output
in the oxyfired circulating fluidized bed calciner (52)
is used to heat up and calcine an additional flow of
cold and partially carbonated solids from the lower
temperature silo (57), regulated with the second solid
control device (62) and a CaCO5 make up flow of
fresh limestone through a sixteenth pipe (26), so that
a flow of hot and CaO rich solids through a fourth
pipe (24) is stored in the higher temperature silo (58).

[0037] A newdevice s disclosed (Figure 3) thatis sim-
ilar to the described for Figure 2 but wherein the second
device (63) for splitting recirculated solids from the oxy-
fired circulating fluidized bed calciner (52) through third
pipe (21) also connects the first cyclone (53) to a fourth
heat exchanger (64) through a seventh pipe (32). This
fourth heat exchanger (64) is further connected to the
oxyfired circulating fluidized bed calciner (52).

[0038] The system further comprises a fourth device
(65) for splitting solid streams that directs the solids aban-
doning the first fluidized bed heat exchanger (61) to the
circulating fluidized bed combustor (52) or to the circu-
lating fluidized bed carbonator (51).

[0039] This allows for a new method for CO, capture
in this device further comprising the extraction of heat
from the oxyfired circulating fluidized bed calciner (52)
through a fourth heat exchanger (64) wherein different
thermal power outputs are allowed between the following
extremes while maintaining stable conditions in the oxy-
fired circulating fluidized bed calciner (52) by working be-
tween the two extreme operation modes described for
the second system and wherein:

a) in the first operation mode of maximum power
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output the oxyfired circulating fluidized bed calciner
(52) operates as an oxyfired fluidized bed combustor
re-circulating CaO solids from the oxyfired circulat-
ing fluidized bed calciner (52) through a seventh pipe
(32) to maximize power output in a fourth heat ex-
changer (64) while allowing sufficient higher temper-
ature CaO rich solids from the higher temperature
silo (58) to flow through the first fluidized bed heat
exchanger (61) in order to feed lower temperature
solids rich in CaO to the circulating fluidized bed car-
bonator (50) through the eighteenth pipe (28) and
partially carbonate the solids in the presence of the
flue gas coming in the eleventh pipe (13), and direct-
ing the solids leaving the circulating fluidized bed
carbonator (50) through the second fluidized bed
heat exchanger (56) to be cooled and stored in the
lower temperature silo (57);

[0040] Inthis situation, the CO, capture systemis gen-
erating the thermal power of the fuel feed through the
first pipe (18) of the oxyfired circulating fluidized bed cal-
ciner (52) plus the thermal power generated in the car-
bonation of the CaO reacting with the CO, coming in the
eleventh pipe (13) plus the thermal power extracted from
the high temperature solids flowing from the higher tem-
perature silo (58) to the lower temperature silo (57). Ob-
viously, this additional and beneficial maximum power
outputscenariois atthe expense of larger silos and larger
oxyfired circulating fluidized bed calciner (52) than when
operating with the device of Figure 2. The maximum pow-
er output can only last until the high temperature CaO
stored in the higher temperature silo (58) is depleted. In
order to charge the higher temperature silo (58) with high
temperature calcined solids rich in CaO, it is necessary
to operate during certain periods of time in conditions
such that a surplus of thermal energy is available in the
calciner to heat up and calcine an additional flow of solids
respect to those coming after reacting with CO, in the
circulating fluidized bed carbonator, and

b) therefore, the second operation mode of minimum
power output, further comprises a reduced flow of
flue gas coming in the eleventh pipe (13) and a by-
pass of the fourth heat exchanger (64) through the
eighth pipe (33) to the oxyfired circulating fluidized
bed calciner (52) that allows for an excess thermal
outputin the an oxyfired circulating fluidized bed cal-
ciner (52) that is used to heat up and calcine an ad-
ditional flow of cold and partially carbonated solids
from the lower temperature silo (57), regulated with
the second solid control device (62), so that a flow
of hot and CaO rich solids through the fourth pipe
(24) is stored in the higher temperature silo (58).

[0041] A further advantage of this method is that due
to the larger oxyfired circulating fluidized bed calciner
size, the time period required to operate at the second
operation mode of minimum power output can be mini-
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mized.

[0042] Example 3 illustrates other technical benefits of
this method, related to the much higher flexibility in power
outputs and wider choice of operation modes when the
oxyfired circulating fluidized bed calciner (52) can be op-
erated as an independent power plant not linked to the
a circulating fluidized bed carbonator (50), or even as an
independent power plant capable of operating as dis-
cussed above for the device of Figure 1. This refers to a
scenario where the solids from the oxyfired circulating
fluidized bed calciner (52) are all directed to the second
fluidized bed heat exchanger (56) connected to the lower
temperature silo (57) by means of the ninth pipe (34),
and the solids abandoning the first fluidized bed heat
exchanger (61) are directed to the oxyfired circulating
fluidized bed calciner (52) instead of being directed to
the circulating fluidized bed carbonator (50), by means
of a fourth device (65) for splitting solid streams.

[0043] The previous methods best operate with the
highest temperature difference between higher temper-
ature silo and the lower temperature, leading to lower
volume silos for the same quantity of energy stored. Tem-
peratures close to the temperature in the combustion
chambers 850-950° are suitable for the higher tempera-
ture silo, preferably around 850°C for the air-fired com-
bustors and 900°C for the oxyfired combustors. The tem-
perature of the cold solids depends on the number and
efficiency of fluidized bed heat exchangers arranged in
series, and will tipically be between 150-400° C, prefer-
ably around 200°C.

[0044] The previous methods can further reduce their
second operation mode of minimum power output and/or
the time required to operate at this second operation
mode of minimum power output by further transferring
heat to the solids coming from the lower temperature silo,
by using heat from the high temperature flue gas streams
leaving the circulating fluidized bed reactors. This can be
achieved with cyclones arranged in series such as those
used in commercial precalciners of limestone in cement
plants.

[0045] There will be other ways to operate the devices
of this invention that will be obvious for the skilled in the
art in view of the devices and methods disclosed in this
invention. For example, it will be evident to a skilled in
the art to connect device of Figure 1 with the devices of
Figure 2 or 3 by making the flue gas stream (12) to be
the stream of flue gas (13) in Figure 2 and 3. The resulting
system will open a wider range of operating modes, that
would add even more flexibility to power plants with CO,
capture using the devices of this invention. Similar de-
vices and principles can be designed following the teach-
ings of this invention for precombustion CO, capture sys-
tems using CaO as a regenerable sorbent, systems
where the calcination heat is coming from an exothermic
reaction taking place in parallel to the calcination reaction
or systems where the heat for calcination is coming from
a solid heat carrier or a metallic wall connecting the cal-
ciner to a high temperature combustion chamber or to
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other high temperature source of heat. Also, following
the teaching of this invention, it is possible to adapt the
devices and methods of this invention to other chemical
looping systems that use circulating fludized bed reactors
at high temperatures and highly exothermic gas solid re-
actions, like for example the oxidation of a metal with air.
Therefore, the description and examples provided in this
invention are illustrative and of non-limiting character.

EXAMPLES

EXAMPLE 1. Design example of the device of Figure 1

[0046] A conceptual design of the device of Figure 1
is carried out below to illustrate its practical application
and the flexibility to obtain a variety of power outputs. Let
us first assume a maximum thermal power input by com-
bustion in the fluidized bed combustion chamber (40) of
100 MWth and a typical temperature in the fluidized bed
combustion chamber (40) of 850 °C when combustion is
carried out with air (2). Let’s also choose typical dimen-
sions for a combustion chamber of this order of thermal
power output in commercial equipment: a cross section
of 20 m2 and a height of 40 m. These fluidized bed com-
bustion chambers usually have water heat exchangers
in their interior, but it is better to adopt for the device of
this invention an adiabatic design, that is also part of the
state of the art. To simplify the mass and heat balances
in the example, we are assuming here that 75% of the
heat produced during the combustion of fuel in the fluid-
ized bed combustion chamber (40) is extracted from the
system in the first fluidized bed heat exchanger (42) and
25% abandons the system as sensitive heat in the flue
gas (12) leaving the first cyclone (41). If we assume an
average heat capacity of the solids circulating in the sys-
tem of 1.3 kd/kg°C and a typical solid circulation rate of
solids through the combustion chamber of 10 kg/sm? (kg
per second and per square meter of cross-sectional area
of the fluidized bed combustion chamber (40)), the tem-
perature drop of the solids in the first fluidized bed heat
exchanger (42), required to close the heat balance is
288.5 °C. This is consistent with the state of the art op-
eration of commercial CFBC power plants.

[0047] Let us now assume a reasonable size for the
higher temperature silo (43) and the lower temperature
silo (47) arranged as in Figure 1. Assuming they have a
height of 20 meters and 40 m2 of cross-section, which is
the double of the cross-section of the fluidized bed com-
bustion chamber (40) and yields an identical volume. Let
us also assume a temperature of the higher temperature
solids in the higher temperature silo (43) of 850 °C and
200 °C of the cold solids in the lower temperature silo
(47), and a bulk density of the solids in the silos of 1500
kg/m3. This allows storing a maximum amount of solids
of 1.2*108 kg, with a total heat storage equivalent to 282
MWH. In principle, this quantity of heat could be extracted
from these solids at a very high rate in their pass from
the higher temperature silo (43) to the lower temperature
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silo (47), for example by arranging an additional heat
exchanger (not shown in Figure 1 for simplicity) between
the higher temperature silo (43) and the lower tempera-
ture silo (47) This could yield a very large thermal power
output by reducing the solid transfer time with a large
circulation flow of solids between silos. However, this
would require unrealistically large heat exchanger devic-
es and associated power generation equipment operat-
ing only during very short periods of time. Therefore,
more modest and realistic thermal power outputs are like-
ly to be the target of design. These targets could be
achieved allowing a direct circulation of solids from the
higher temperature silo (43) to the lower temperature silo
(47). But this would still require an additional heat ex-
changer (not shown in the Figure 1) between the higher
temperature silo (43) and the lower temperature silo (47)
and also require practical solutions to arrange a circula-
tion of high temperature solids between the two silos.
This solution could end up being also complex and costly.
However, the device of this invention, makes use of the
existing circulating fluidized bed combustor to facilitate
the solid circulation between the higher temperature silo
(43) and the lower temperature silo (47) in modes of max-
imum thermal output with reasonable circulation rates
established between the higher temperature silo (43) and
the lowertemperature silo (47). Toillustrate this, it is fixed
in this example the solid circulation rate through the com-
bustor at 10 kg/m2s allowing for a certain fraction of this
solid circulation to come from the flow of solids estab-
lished between the higher temperature silo (43) and the
lower temperature silo (47). For example, if the power
input from the fuel combustion remains at 100 MWt in
the fluidized bed combustion chamber (40) and all the
temperatures are to remain also constant, the total heat
extraction in the first fluidized bed heat exchanger (42)
must be also constant. In these conditions, the maximum
power output mode, correspond to a flow of solids from
the higher temperature silo (43) to the fluidized bed com-
bustion chamber (40) and to the lower temperature silo
(47) of 2.8 kg/m2s (55.6 kg/s in the example) and an
additional power output 47 MWt is accomplished in the
second fluidized bed heat exchanger (45) by cooling the
solid stream from 850 to 200 °C. According to the size
of the silos chosen for this example, this maximum power
output mode can be maintained during 6 hours until all
the hot solids stored in the higher temperature silo (43)
are transferred to the lower temperature silo (47). Longer
periods for this maximum can obviously be achieved with
larger silos or larger differences in solid temperatures
between the higher temperature silo (43) and the lower
temperature silo (47). Itis also evident thatlonger periods
of operation at more modest values of the maximum pow-
er output can be achieved, by allowing larger changes in
solid circulation rates (that can change typically between
1 to 20 kg/m?2s in commercial CFBC without relevant de-
sign changes in the solid circulation system). A change
in solid circulation rate of solids through the fluidized bed
combustion chamber (40) may also require a change of
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thermal output in the first fluidized bed heat exchanger
(42), and this can be done by using commercial heat
exchanger equipment available to operate with variable
thermal loads or by using the split of solids that bypasses
the first fluidized bed heat exchanger (42) to arrange for
acertain directrecirculation of solids from the firstcyclone
(41) to the fluidized bed combustion chamber (40). For
example, with the same total solid circulation in the flu-
idized bed combustion chamber (40) as above (10
kg/m2s or 200 kg/s), a split in the first device (44) for
splitting solid streams of the solids falling by gravity from
the first cyclone (41) of 144 kg/s towards the third pipe
(3) and the first fluidized bed heat exchanger (42) allows
for the required solid circulating from the higher temper-
ature silo (43) to the lower temperature silo (47) while
maintaining solid circulation rates and combustion con-
ditions identical with and without energy storage. There-
fore, designing the above system to deliver its maximum
power output for 6 continuous hours, results into a max-
imum power output of 147 MWt (100 MWt from combus-
tion and 47 MWt from the second fluidized bed heat ex-
changer (45) in the novel energy storage system).

[0048] The time at maximum power must be balance
by a certain time at minimum power output, where the
target is to fill up the silo of high temperature solids. Fur-
thermore, conditions of minimum power output are likely
to be associated with situations where the combustion
chamberis working atminimum load (for example at night
time). For circulating fluidized bed combustors this can
be as low as 50%. Therefore, during the period of mini-
mum power output of this particular example we assume
50 MWt as energy input from combustion in the fluidized
bed combustion chamber (40). For simplicity we assume
again that 25% of this power abandons the combustor in
the flue gas leaving the first cyclone (41). This leaves
37.5 MWt available to heat up to 850°C the solids circu-
lating from lower temperature silo (47) (at 200 °C) to the
fluidized bed combustion chamber (40). This requires a
control with the second control device (49) of a solid flow
of44.4 kg/s going through the sixth pipe (6) (or 2.2 kg/mZ2s
in the fluidized bed combustion chamber (40)) and a split
of the same solid flow of solids from the first cyclone (41)
to the higher temperature silo (43) through the fourth pipe
(4). If a higher solid circulation rate was required to main-
tain fluidization conditions and heat transfer within the
fluidized bed combustion chamber (40), this additional
circulation flow could be obtained by allowing a split of
solids in the first device (44) for splitting solid streams
falling by gravity from the first cyclone (41) and recircu-
lating solids from the first cyclone (41) to the fluidized
bed combustion chamber (40) through the third pipe (3)
without passing through the first fluidized bed heat ex-
changer (42). For the size of the silos chosen for this
example, the minimum operation mode has to be main-
tained during 7.5 hours, until all the lower temperature
solids stored in the lower temperature silo (47) are trans-
ferred to the higher temperature silo (43). This time could
be shortened by arranging an additional method to pre-
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heat with the flue gas (12) leaving the first cyclone (41)
the solids coming from the lower temperature silo (47)
before they enter the fluidized bed combustion chamber
(40). This could be carried out with commercial equip-
ment to rise the lower temperature solids stored in the
lower temperature silo (47) and put them in contact with
the hot flue gas (12) leaving the first cyclone (41) in ad-
ditional cyclones in series (not shown in the Figure for
simplicity), as it is common practice in precalciners and
preheaters of solids being fed to cement production
plants.

[0049] The maximum time (6.0 h)atthe maximum pow-
er output defined in this particular example and the min-
imum time at minimum power output (7.5 h) are values
chosen for this particular example. Many intermediate
values are possible and will be evident for the skilled in
the art. The remaining hours (10.5 h) to complete a full
day operation time could be used in this particular exam-
ple at the reference conditions of 100 MW1t. This would
yield a capacity factor of the plant of 0.57. This capacity
factor could be further reduced by operating a much long-
er time at low power output. For example, operating 6 h
at maximum power output of 147 MWt and the remaining
18 h at a power output of 34 MWH, the capacity factor
would be 0.43. Even lower capacity factor is possible by
operating the fluidized bed combustion chamber (40) at
minimum power input (50 MWt) in both the maximum and
minimum power periods. This could be achieved by re-
ducing the circulation flow from the lower temperature
silo (47) to the higher temperature silo (43) and increasing
accordingly (if necessary) the recycle of solids from the
first cyclone (41) to fluidized bed combustion chamber
(40) through the flue gas and the first fluidized bed heat
exchanger (42). It can be estimated with simple mass
and heat balances that for this particular example, any
value of capacity factor between 0.34 and 0.68 is allowed
without changing the dimension and operating conditions
chosen for the example. Furthermore, it will be evident
for the skilled in the art to define other volume of the
storage silos, solid densities of the circulating solids, op-
erating temperatures, or solid circulation rates, leading
to different capacity factor intervals.

[0050] At this point, itis illustrative in this particular ex-
ample of realization of the invention to compare the de-
vice and methods of the invention against a standard
power plant giving the same maximum power outputs
and with an identical capacity factor (measured here as
a daily basis for simplicity). Such a power plant would
have a thermal power from coal of 147 MWt and it is
therefore 47% larger in every element of equipment re-
lated to the combustion chamber. Let’s also assume that
this plant is also requested to deliver during 6 hours a
maximum power output of 147 MWh, that it is also allowed
to go down by 50% in its thermal output and that it is
requested by the market to operate with a particular ca-
pacity factor of 0.43 as in the paragraphs above. In these
conditions, it will be evident for a skilled in the art that
this power plant will be forced to be switched off (power
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output equal zero) during at least 9.6 hours per day, in
order to fulfil the maximum power requirements during a
certain time and the low demand of power during other
periods of time. The need to switch on and off the large
combustion equipment of the fluidized bed combustion
chamber (40), together with all the associated auxiliaries
(coal and sorbent feeding systems, flue gas cleaning
equipment etc are also switched off) is a clear disadvan-
tage of the state of the art systems respect to the device
and methods of this invention. As illustrated in this ex-
ample, the device of thisinvention delivers the same max-
imum power and has the same capacity factor than the
standard power plant, but it has a combustion chamber
and associated auxiliaries to the combustion chamber
that are about 50% smaller than in the standard plant.
Furthermore, the device of this invention is operating the
combustion chamber (40) with continuous flows of coal
and air (the same at full load or at intermediate loads) as
it does not require changes in such a combustion cham-
ber (40) to accommodate low average capacity factors.
These are both great advantages that are most likely
going to compensate for the additional capital cost asso-
ciated to the silos (43) (47) and the second fluidized bed
heat exchanger (45), that are the most costly novel com-
ponents in the device of this invention when compared
to the standard power plant.

[0051] A skilled in the art will realize immediately than
the previous example is also illustrative, with small mod-
ifications in the assumptions, to a reference zero emis-
sion power plant based on the oxy-fuel combustion in a
circulating fluidized bed. However, the benefits of the de-
vice of this invention will be exacerbated because the
reference plant contains in this case more complex and
costly components (air separation unit, CO, purification,
recycle and compression of CO, etc) that have dimen-
sions proportional to the thermal combustion power re-
leased in (40). Also, these complex and integrated com-
ponents make more difficult and expensive the opera-
tions of switching on and off the power plant.

EXAMPLE 2. Design example of the device of Figure 2

[0052] A conceptual design of the device of Figure 2
is carried out below to illustrate its practical application
and the flexibility to obtain a variety of power outputs from
the Calcium Looping system represented in the figure.
Let us first assume a maximum thermal power input by
combustion in the oxyfired circulating fluidized bed cal-
ciner (52) of 100 MWt and a temperature of 900 °C when
combustion is carried out with a certain mixture of O, and
CO,. This temperature should be sufficient for calcination
of CaCOg, as the reactor is assumed to operate at at-
mospheric pressure and with a certain content of steam.
Let’s also assume a total solid circulation rate of solids
entering the oxyfired circulating fluidized bed calciner
(52) of 200 kg/s as in the combustion chamber (40) of
Example 1. It is important that this oxyfired circulating
fluidized bed calciner (52) is designed adiabatically to
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maximize the use for calcination of the thermal input as-
sociated to the fuel combustion (and minimize the O,
requirements and its associated energy and economic
penalties). To simplify the mass and heat balances in this
example, we are assuming here that 80% of the heat
produced during the combustion of fuel introduced in the
oxyfired circulating fluidized bed calciner (52) by means
of the first pipe (18) is used for calcination and for heating
up to calcination temperature the solid entering the oxy-
fired circulating fluidized bed calciner (52).

[0053] Let us now assume an identical volume of the
lower temperature silo (57) and the higher temperature
silo (58) asin Example 1 arranged as in Figure 2, identical
bulk density of the solids (1500 kg/m3), and temperatures
of the hot solids in the higher temperature silo (58) of 900
°C and 200 °C of the cold solids in lower temperature silo
(57). Let's also assume a heat capacity of the solids of
1 kJ/kg as they are composed mainly of CaO. This allows
a thermal energy heat storage equivalent to 233.3 MWt
in the higher temperature silo (58). The solids in stored
in the higher temperature silo (58) are assumed to be 90
weight % CaO in this particular example. This content in
free CaO and its associated maximum activity or CO,
carrying capacity will depend on many factors that are
well known in the state of the art of Calcium looping sys-
tems. In the lower temperature silo (57), the solids are
carbonated in a certain level of conversion X, that is de-
fined as the carbonate conversion or mol fraction of CaO
converted to CaCOj. The enthalpy of the carbonation
reaction is -168 kd/mol. In the process to fill the lower
temperature silo (57) with carbonated solids originally in
the higher temperature silo (58), there has been a car-
bonation process in the circulating fluidized bed carbon-
ator (50) releasing 900X MWt. For the purpose of the
mass and heat balance in this example, this can be con-
sidered an additional energy stored in the higher temper-
ature silo (58). The value of X is set by a mass balance
on the circulating fluidized bed carbonator (50). We as-
sume here a maximum flue gas rate containing 0.40
kmol/s of CO,, which is equivalent to the flue gas emitted
by a 180 MWt power plant. If we assume a target of 90%
CO,, capture efficiency amaximum flow of CaCOjleaving
the circulating fluidized bed carbonator (50) is estab-
lished at 0.36 kmoll/s.

[0054] Asdiscussedin Example 1, avery large thermal
power output could be achieved from this system by re-
ducing the solid transfer time (with a large circulation flow
of solids between silos) between the higher temperature
silo (58) to the circulating fluidized bed carbonator (50)
and through the cyclone (51) and through the second
fluidized bed heat exchanger (56) and through the lower
temperature silo (57). This large solid circulation could
be established simultaneously to the capture of 90% of
the CO, in the flue gas in the eleventh pipe (13) set as
a target, as the typical solid circulation rate set in the
circulating fluidized bed carbonator (50) and oxyfired cir-
culating fluidized bed calciner (52) is sufficient to capture
all the necessary CO, in the circulating fluidized bed car-
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bonator (50) with modest carbonate conversion values,
X. However, this would require unrealistically large heat
exchangers (56, 61), and associated power generation
equipment to these heat exchange devices would be op-
erating only during very short periods of time. Therefore,
more modest and realistic thermal power outputs are like-
ly to be the target of economic design. The device of this
invention, makes use of the existing circulating fluidized
bed calciner (52) and circulating fluidized bed carbonator
(50) to facilitate the solid circulation between the higher
temperature silo (58) and the lower temperature silo (57)
in modes of maximum thermal output with reasonable
circulation rates established between the higher temper-
ature silo (58) and the lower temperature silo (57) through
the circulating fluidized bed carbonator (50). To illustrate
this, it is calculated from the mass and heat balances for
the particular conditions chosen for this example, and
searching for a 6 hours period at maximum power output,
a total solid flow entering the carbonator of 192.3 kg/s,
coming 136.7 kg/s from the calciner (52) and 55.6 kg/s
from the higher temperature silo (58). In these conditions,
the maximum power output is 155.5 MWt and the value
of Xis 0.117 for a 90% CO, capture efficiency. As noted
above, for the size of the silos chosen for this example,
this maximum power outputmode can be maintained dur-
ing 6.0 hours until all the hot CaO rich solids stored in
the higher temperature silo (58) are transferred to the
lower temperature silo (57) after carbonating to a con-
version X. Longer periods for this maximum can obvious-
ly be achieved with larger silos or larger differences in
solid temperatures between the higher temperature silo
(58) and the lower temperature silo (57). Itis also evident
that longer periods of operation at more modest values
of the maximum power output can be achieved, by al-
lowing lower solid circulation rates. However, the reduc-
tion in this solid circulation rate is limited by the CO, car-
rying capacity of the CaO solids in the circulating fluidized
bed carbonator (50). It does not seem reasonable from
the state of the art on Ca-looping to expect carbonation
conversions higher X=0.20. Therefore, a minimum flow
of CaO rich solids of 112 kg/s is required to enter the
circulating fluidized bed carbonator (50) in this particular
example. When operating with this minimum solid circu-
lation rate and activity of the solids, the power output is
118.3 MWt.

[0055] The time of 6 hours set at the maximum power
in the previous paragraph must be balanced by a certain
time at lower power output, where the target is to fill up
the higher temperature silo (58) of high temperature sol-
ids, while maintaining the CO, capture efficiency at 90%
in the circulating fluidized bed carbonator (50). A surplus
of thermal power in the calciner (52) is required for this
purpose. The higher the surplus of thermal power, the
minimum time will be required to operate at minimum
thermal output in the Ca-looping system. These condi-
tions of minimum power output are likely to be associated
with situations where the combustion chamber supplying
the flue gas to the circulating fluidized bed carbonator
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(50) is working at minimum load (for example at night
time). Assuming again that this flue gas stream can go
down as much as 50% in periods of low power output,
the capture of 90% of the 0.20 kmol/s of CO, entering
the circulating fluidized bed carbonator (50) requires a
minimum circulation of 96.1 kg/s for a carbonation con-
version of 0.117. This allows for a surplus of energy in
the calciner of 43.7 MWt which can be used to heat up
and calcine a solid flow of 48.8 kg/s from the lower tem-
perature silo (57). Under these conditions, an operation
time of 7.2 h is needed to fill the higher temperature silo
(58) with hot calcined solids. When operating in these
conditions, the power output of the device is 53.8 MWt.
The maximum time (6.0 h) at the maximum power output
defined in this particular example and the minimum time
at minimum power output (7.2 h) are values chosen for
this particular example. Many intermediate values are
possible and will be evident for the skilled in the art. The
remaining hours (10.8) to complete a full day operation
time could be used in this particular example at the ref-
erence conditions of 100 MWt. This would yield a capacity
factor of the plant of 0.64. Different average capacity fac-
tors can be calculated for this system following a similar
methodology as the one explained in Example 1.
[0056] At this point, itis illustrative in this particular ex-
ample of realization of the invention to compare the de-
vice and methods of the invention against a standard Ca-
looping system giving the same maximum power and
with identical capacity factor of 0.64. Such a Ca-looping
system would have a calciner with a thermal power from
coal of 155.5 MWt which is more than 55% larger than
in the device of this invention. All equipment associated
to the calciner (in particular the complex and costly air
separation unit to supply O,) would also be 55% larger.
In addition, if this plant was requested to operate with a
similar capacity factor of 0.64, for example delivering dur-
ing at least 6 hours a maximum power output of 155.5
MW, this could only be possible by going down by 50%
in its thermal output during at least 15.4 hours. Clearly,
the device of this invention does not require changes in
the combustion conditions in the oxy-fuel fluidized bed
calciner, even when the flow of flue gas entering the car-
bonator changes within certain limits. In contrast, the
standard calcium looping configuration requires complex
load changes in the oxyfired calciner to follow the re-
quired global changes in power output.

[0057] For simplicity in the description of this particular
example, we have not discussed the opportunities that
the device of Figure 2 provides to establish internal solid
recycles in both reactors and the intermediate situations
that can be achieved by modulating the split of solids in
the third (54) and first (55) devices for splitting the solid
streams falling by gravity from the first or second cyclone
(53, 51) towards a lower and higher temperature silo (57,
58) respectively. It should be obvious for a skilled in the
art, and from the discussion in the Example 1, how to
take benefit from this possibility to split solid flows be-
tween reactors and silos in order to gain more flexibility
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in the operation of the system without altering the condi-
tions in the calciner (52) and associated O, generation
equipment.

EXAMPLE 3. Design example of the device of Figure 3

[0058] A conceptual design of the device of Figure 3
is carried out below to illustrate its practical application
and the flexibility to obtain a variety of power outputs from
the Calcium Looping system represented in the figure.
Since there is a clear similarity of this device respect to
the one described in example 2, we focus in this example
only on the key difference between devices, associated
to the possibility to operate the device of Figure 3 in a
maximum power output mode where the oxyfired calciner
is operating as an oxyfired CFB power plant independ-
ently of the circulating fluidized bed carbonator (50), ex-
tracting combustion heat from the fourth heat exchanger
(64) using the second device (63) for splitting recirculated
solids from the oxyfired circulating fluidized bed calciner
(52) while feeding the circulating fluidized bed carbonator
(50) with stored CaO in the higher temperature silo (58).
Let us assume a maximum thermal power input by com-
bustion in the oxyfired circulating fluidized bed calciner
(52) of 100 MWt and an identical power output that is the
sum of the sensitive heat power in the CO, rich gas (22)
leaving the first cyclone (53) and the thermal power ex-
tracted in the fourth heat exchanger (64) by diverting all
the circulating solids leaving the oxyfired circulating flu-
idized bed calciner. Let’'s now assume a solid and flue
gas flows through the circulating fluidized bed carbonator
(50) and a conversion X of CaO in the circulating fluidized
bed carbonator (50) and CO, capture efficiencies iden-
tical to the ones for Example 2. However, in this case, all
the solids arriving to the carbonator are coming from the
higher temperature silo (58) and being stored in the lower
temperature silo (57) at identical temperatures and car-
bonate conversion as in Example 2. In these conditions,
a total power output of 292 MWt is obtained, which is the
sum of the thermal power obtained from the combustion
of the coal (100 MWt) in the oxyfired circulating fluidized
bed calciner (52), and the remaining 192 MWt are the
thermal power output from the first fluidized bed heat
exchanger (61), from the second fluidized bed heat ex-
changer (56) and from the flue gas leaving the circulating
fluidized bed carbonator (16). This high level of power
output could only be maintained during 1.7 hours for the
dimension and solid properties given in Example 2. Long-
er times at lower maximum power output can be chosen
for the design following the methodology of Example 1.
Clearly, a skilled in the art will realize by conducting these
preliminary designs that the device of Figure 3 offers
more flexibility and variations in operation and in power
outputs, thanks to the fourth heat exchanger (64) con-
necting the first cyclone (53) to the oxyfired circulating
fluidized bed calciner (52) and the possibility to operate
the oxyfired circulating fluidized bed calciner (52) in ox-
ycalcination mode or in oxycombustion mode. However,
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these favourable modes of operation require a larger cal-
ciner (52) for the same amount of flue gas to be treated
in the circulating fluidized bed carbonator (50) during pe-
riods of maximum power output.

[0059] The device of Figure 3 also offers higher flexi-
bility when requested to deliver minimum power outputs.
For example, in an extreme but realistic scenario the car-
bonator reactor and the associated power plant feeding
the flue gas to the circulating fluidized bed carbonator
(50) could be switched off, while the oxyfired circulating
fluidized bed calciner (52) could still be operating in min-
imum oxycombustion mode and by-passing the and feed-
ing solids from the lower temperature silo (57) to the ox-
yfired circulating fluidized bed calciner (52) and storing
the resulting calcined higher temperature solid stream in
the higher temperature silo (58). The design methodol-
ogy described in previous examples could be used to
estimate these minimum modes of power output, that
greatly increase the flexibility of the CO, capture system
of Figure 3 in terms of power output while allowing stable
combustion conditions in the oxyfired circulating fluidized
bed calciner (52)

Claims

1. System for large scale energy storage in a power
generation system comprising:

i) a circulating fluidized bed combustor (40, 52)
with a first pipe (1, 18) for supplying a fuel and
a second pipe (2, 19) for supplying a comburent
through a gas distributor, the circulating fluidized
bed combustor (40, 52) being connected to

ii) a first cyclone (41, 53) for separating the re-
sulting hot flue gas (12, 22) and the hot solids
stream (11, 23) circulating to the circulating flu-
idized bed combustor (40, 52)

characterized in that the system further com-
prises:

iii) afirstdevice (44, 55) for splitting solid streams
falling by gravity from the first cyclone (41, 53)
directing the solids from the first cyclone (41, 53)

a) towards the circulating fluidized bed com-
bustor (40, 52) through a third pipe (3, 21),
b) towards a higher temperature silo (43,
58) that receives higher temperature solids
through a fourth pipe (4, 24), directing the
solids from the higher temperature silo (43,
58) to a first fluidized bed heat exchanger
(42, 61), and

c) towards a lower temperature silo (47, 57)
for storing lower temperature solids from a
second fluidized bed heat exchanger (45,
56), the lower temperature silo (47, 57) con-
nected to the second fluidized bed heat ex-
changer (45, 56) by means of a fifth pipe (5,
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30) and connected to the circulating fluid-
ized bed combustor (40, 52) by means of a
sixth pipe (6, 31), and

iv) a first solid control device (48, 60) for control-
ling the feed of the higher temperature solids
from the higher temperature silo (43, 58), and
v) asecond control device (49, 62) for controlling
the feed of the lower temperature solids from
the lower temperature silo (47, 57) to the circu-
lating fluidized bed combustor (40, 52).

System for large scale energy storage in a power
generation system according to claim 1 character-
ized in that further comprises a second device (46)
for splitting the hot solids stream from the first cy-
clone (41) to the first fluidized bed heat exchanger
(42) through a seventh pipe (7) or to a bypass or
eighth pipe (8) to the circulating fluidized bed com-
bustion chamber (40) during periods of low thermal
load in the circulating fluidized bed combustion
chamber (40).

System for large scale energy storage in a power
generation system according to any of the previous
claims characterized in that the first device (44) for
splitting solid streams falling by gravity from the first
cyclone (41) directs the solids towards the second
fluidized bed exchanger (45) through a ninth pipe (9).

System for large scale energy storage in a power
generation system according to any of the previous
claims characterized in that the first solid control
device (48) controls the feed of hot solids from the
higher temperature silo (43) to the circulating fluid-
ized bed combustion chamber (40) through the first
fluidized bed heat exchanger (42) by means of a
tenth pipe (10) that connects the first fluidized bed
heat exchanger (42) to the circulating fluidized bed
combustion chamber (40).

System for large scale energy storage in a power
generation system according to claim 1 wherein the
system is a system for CO2 capture from a flue gas
by calcium looping characterized in that the system
for large scale energy storage further comprises

i) a circulating fluidized bed carbonator (50) with
a eleventh pipe (13) supplying a flue gas con-
taining diluted CO, and a twelfth pipe (14) sup-
plying solids rich in CaO from the circulating flu-
idized bed combustor (52) that is an oxyfired cir-
culating fluidized bed combustor operating as a
calciner being connected to

ii) a second cyclone (51) for separating the flue
gas depleted in CO, (16) and the partially car-
bonated solids stream containing CaCO3 (17)
wherein part of the partially carbonated solids
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stream containing CaCQO4 (17) is recirculated to
the circulating fluidized bed carbonator (50)
through a thirteenth pipe (15) and the remaining
stream of high temperature solids containing
CaCO; is sent to the oxyfired circulating fluid-
ized bed calciner (52)

System for large scale energy storage in a power
generation system according to claim 5 character-
ized in that the first pipe (18) of the oxyfired circu-
lating fluidized bed calciner (52) supplies a fuel, the
second pipe (19) supplies a mixture of O, and CO,
comburent through the gas distributor and a four-
teenth pipe (20) supplies the partially carbonated sol-
id stream containing CaCO3 (17) coming from the
second cyclone (51).

System for large scale energy storage in a power
generation system according to claim 6 character-
ized in that further comprises a third device (54) for
splitting the partially carbonated solids stream con-
taining CaCO4 (17) falling by gravity from the second
cyclone (51) directing the solids from the second cy-
clone (51)

a) towards the circulating fluidized bed carbon-
ator (50) through the thirteenth pipe (15),

b) towards the oxyfired circulating fluidized bed
calciner (52) through the fourteenth pipe (20),
and

c) towards the lower temperature silo (57) for
storing lower temperature solids through the fifth
pipe (30) that connects the second fluidized bed
heat exchanger (56) to the lower temperature
silo (57).

System for large scale energy storage in a power
generation system according to any of the claims 5-7
characterized in that thefirstdevice (55) for splitting
the hot solids stream (23), that is calcined and con-
tains CaO, towards the lower temperature silo (57),
makes it through the circulating fluidized bed car-
bonator (50) by means of a fifteenth pipe (25).

System for large scale energy storage in a power
generation system according to claim 8 character-
ized in that further comprises atleast a third fluidized
bed heat exchanger (59) to extract heat from the
calcined solids stream containing CaO from the fif-
teenth pipe (25) before feeding them to the circulat-
ing fluidized bed carbonator (50) through the twelfth

pipe (14).

System for large scale energy storage in a power
generation system according to any of the claims 5-9
characterized in that further comprises a sixteenth
pipe (26) in the circulating fluidized bed carbonator
(50) or in the oxyfired circulating fluidized bed cal-
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ciner (52) to supply a CaC03 make up flow of fresh
limestone.

System for large scale energy storage in a power
generation system according to any of the claims
5-10 characterized in that further comprises a sev-
enteenth pipe (27) disposed in the circulating fluid-
ized bed carbonator (50) or in the oxyfired circulating
fluidized bed calciner (52) to purge an equivalent flow
of solids and avoid the accumulation of ashes and
Calcium derived solids.

System for large scale energy storage in a power
generation system according to any of the claims
5-11 characterized in that the first fluidized bed
heat exchanger (61) discharges lower temperature
solids rich in CaO to the circulating fluidized bed car-
bonator (50) through a eighteenth pipe (28).

System for large scale energy storage in a power
generation system according to any of claims 5-12
characterized in that further comprises a second
device (63) for splitting recirculated solids from the
oxyfired circulating fluidized bed calciner (52)
through the third pipe (21) connecting the first cy-
clone (53) to a fourth heat exchanger (64) through a
seventh pipe (32), fourth heat exchanger (64) further
connected to the the oxyfired circulating fluidized bed
calciner (52).

System for large scale energy storage in a power
generation system according to any of claims 5-13
characterized in that further comprises a fourth de-
vice (65) for splitting solid streams that directs the
solids abandoning the first fluidized bed heat ex-
changer (61) to the circulating fluidized bed combus-
tor (52) or to the circulating fluidized bed carbonator
(50).

System for large scale energy storage in a power
generation system according to any of claims 5-14
characterized in that comburent (19) is a mixture
of O, and recycled CO..

Method of energy storage using circulating fluidized
bed combustors comprising the following stages:

i) feeding a flow of fuel and comburent to a cir-
culating fluidized bed combustion chamber (40,
52), separating the resulting hot flue gas (12,
22) and solid streams (11, 23) from the circulat-
ing fluidized bed combustion chamber (40, 52),
characterized in that the inputs of fuel, com-
burent and solid circulation through the circulat-
ing fluidized bed combustion chamber (40, 52)
allow variable thermal power output by working
between two operation modes:
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a. afirst operation mode of maximum power
output with maximum flow of fuel and com-
burent to the circulating fluidized bed com-
bustion chamber (40, 52), where additional
thermal power to the steam cycle is ob-
tained extracting heat from the hot solids
stream in a second fluidized bed heat ex-
changer (45, 56) directing the solids stream
to a lower temperature silo (47, 57) where
lower temperature solids are stored, by ar-
ranging higher temperature solids to flow
from a higher temperature silo (43, 58)
through a first fluidized bed heat exchanger
(42, 61) cooling the higher temperature sol-
ids in a controlled way by means of a first
solid control device (48, 60) disposed be-
tween the higher temperature silo (43, 58)
and the first fluidized bed heat exchanger
(42, 61), and

b. a second operation mode of minimum
power output with minimum flow of fuel and
comburent to the circulating fluidized bed
combustion chamber (40, 52) where the
thermal output from the first fluidized bed
heat exchanger (42, 61) is zero and the low-
er temperature solids flow from the lower
temperature silo (47, 57) towards the circu-
lating fluidized bed combustion chamber
(40, 52) in a controlled way by means of a
second solid control device (49, 62) dis-
posed between the lower temperature silo
(47, 57) and the circulating fluidized bed
combustion chamber (40, 52) so that the
excess thermal power released in the circu-
lating fluidized bed combustion chamber
(40, 52) is transferred to the lower temper-
ature solids so that the resulting higher tem-
perature solids flow to the higher tempera-
ture silo (43, 58), where the higher temper-
ature solids are stored.

17. Method of energy storage using circulating fluidized

bed combustors according to claim 16 wherein the
method is a method for CO, capture from a flue gas
by calcium looping, characterized in that the meth-
od of energy storage further comprises the following
stages;

i) feeding a flow of flue gas containing CO, and
a flow of solids containing CaO to a circulating
fluidized bed carbonator (50) in conditions to al-
low an effective capture of CO, by CaO to form
a partially carbonated solid stream containing
CaCO4 (17) and a flue gas with low concentra-
tion of CO, (16),

ii) recycling recirculated solids from the circulat-
ing fluidized bed carbonator (50) through the
thirteenth pipe (15), supplying a part of partially
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carbonated solid stream containing CaCO5 (17)
from the circulating fluidized bed carbonator
(50), to increase residence time of solids in the
circulating fluidized bed carbonator (50) and
sending the remaining solid stream to the oxy-
fired circulating fluidized bed calciner (52) to de-
compose the CaCOj; into a rich stream of CO,
(22) and a calcined solid stream containing CaO
(23),

iii) recycling recirculated solids from the oxyfired
circulating fluidized bed calciner (52) through a
third pipe (21) supplying part of the calcined solid
stream containing CaO (23), to increase resi-
dence time of solids in the oxyfired circulating
fluidized bed calciner (52) and sending the re-
maining stream of high temperature solids con-
taining CaO by means of a fifteenth pipe (25) to
a third fluidized bed heat exchanger (59) to cool
the high temperature calcined solids containing
CaO, and feeding these solids to the circulating
fluidized bed carbonator (50), thereby starting
again the CO,, capture looping cycle,

wherein the circulating fluidized combustor (52)
is an oxyfired circulating fluidized bed calciner
and wherein

a. the first operation mode of maximum
power output further comprises the maxi-
mum flue gas flow to the circulating fluidized
bed carbonator (50), where additional ther-
mal power is obtained from the second flu-
idized bed heat exchanger (56) due to that
the second fluidized bed heat exchanger
(56) receives a higher temperature solids
stream from a third device (54) for splitting
the partially carbonated solids stream con-
taining CaCO5 (17) and delivers a lower
temperature solid stream of carbonated sol-
ids through a fifth pipe (30) to the lower tem-
perature silo (57) and additional thermal
power is obtained from the first fluidized bed
heat exchanger (61) that discharges lower
temperature solids rich in CaO to the circu-
lating fluidized bed carbonator (50) through
a eighteenth pipe (28), and

b. the second operation mode of minimum
power output further comprises the mini-
mum flue gas flow to the circulating fluidized
bed carbonator (50) where the resulting ex-
cess in the thermal output in the oxyfired
circulating fluidized bed calciner (52) is
used to heat up and calcine an additional
flow of cold and partially carbonated solids
from the lower temperature silo (57), regu-
lated with the second solid control device
(62) and a CaCO3; make up flow of fresh
limestone through a sixteenth pipe (26), so
thataflow of hotand CaOrrich solids through
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18

afourth pipe (24) is stored in the higher tem-
perature silo (58).

18. Method of energy storage using circulating fluidized
bed combustors according to claim 17 character-
ized in that it further comprises the stage of extrac-
tion of heat from the oxyfired circulating fluidized bed
calciner (52) through a fourth heat exchanger (64),
and wherein

a. in the first operation mode of maximum power
output the oxyfired circulating fluidized bed cal-
ciner (52) operates as an oxyfired fluidized bed
combustor re-circulating CaO solids from the ox-
yfired circulating fluidized bed calciner (52)
through seventh pipe (32) to maximize power
output in a fourth heat exchanger (64) while al-
lowing sufficient higher temperature CaO rich
solids from the higher temperature silo (58) to
flow through the first fluidized bed heat exchang-
er (61) in order to feed lower temperature solids
rich in CaO to the circulating fluidized bed car-
bonator (50) through the eighteenth pipe (28)
and partially carbonate the solids in the pres-
ence of the flue gas coming in the eleventh pipe
(13), and directing the solids leaving the circu-
lating fluidized bed carbonator (50) through the
second fluidized bed heat exchanger (56) to be
cooled and stored in the lower temperature silo
(57), and

b. the second operation mode of minimum pow-
er output further comprises a reduced flow of
flue gas coming in the eleventh pipe (13) and a
bypass of the fourth heat exchanger (64)
through the eighth pipe (33) to the oxyfired cir-
culating fluidized bed calciner (52) that allows
for an excess thermal output in the an oxyfired
circulating fluidized bed calciner (52) thatis used
to heat up and calcine an additional flow of cold
and partially carbonated solids from the lower
temperature silo (57), regulated with the second
solid control device (62), so that a flow of hot
and CaO rich solids through the fourth pipe (24)
is stored in the higher temperature silo (58).
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