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ABSTRACT

This paper presents a power plant concept based on an oxy-fired circulating fluidized
bed combustor (oxy-CFBC) combined with thermal energy storage on a large scale. The
concept exploits to full advantage the large circulation flows of high temperature solids
that are characteristic of these systems. Two solid storage silos (one for high
temperature and the other for low temperature solids) connected to the oxy-fired CFBC
allow variability in power output without the need to modify the fuel firing rate and/or
the mass flow of O, to the combustor. During the periods of high power demand the
system can deliver additional thermal power by extracting heat from a series of
fluidized bed heat exchangers fed with solids from the high temperature silo. Likewise,
during period of low power demand, the thermal power output can be reduced by using
the energy released in the combustor to heat up the low temperature solids on their way
from the low temperature silo to the oxy-CFBC and storing them in the high
temperature silo located below the cyclone. A preliminary economic analysis of two
designs indicates that this highly flexible system could make this type of power plant
more competitive in the electricity markets where fossil fuels with CCS will be required

to respond to a large variability in power output.
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1. Introduction

Fossil fuels will continue to play a major role in meeting the world’s energy
needs because of their very competitive cost, widespread distribution and the massive
infrastructure available for burning them. CO, capture and storage (CCS) technologies
are considered to be one of the least-cost options for mitigating climate change [1]. In
addition, CO, capture and storage is the only low carbon technology that can make the
vast economic assets linked to fossil carbon reserves or unburnable carbon compatible
[2, 3].

Moreover, it is becoming increasingly common in the major electricity markets
to operate fossil fuel power plants with large load changes and even periods of complete
shut down, in order to be able to adjust to the variability in energy demand and to the
increasing share of renewables in the electricity mix. Renewable energies like wind and
solar power are characterized by their intermittency, so they need energy storage
systems and/or back up infrastructures to adapt their supply to demand [4]. The use of
air-fired fossil power plants to accommodate changes between minimum and full load
by ramping up and down is a common practice [5]. However, there are substantial
energy and economic penalties when the power generation equipment is forced to
operate with load changes and offline periods [6-8]. In addition, the cycling mode of
operation in fossil fuel power plants leads to low capacity factors, which obviously
increases the cost of electricity compared to when operating at base-load. All these
problems are aggravated in power plants with CCS because these are complex and
integrated systems that are inherently capital intensive [1, 9, 10] and better adapted to

base load operation. However, since the flexible mode of operation may be imposed by



regulators or market conditions, there is a growing interest in developing CCS systems
that allow a wide flexibility and load change [11-14] and ensure minimum impact on
the unit of product (i.e., the kWh, and/or the tonne of CO, avoided).

For post-combustion CO, capture systems that employ amine-based solvents, the
use of tanks has been proposed as a means of storing the rich solvent leaving the
absorber during peak demand periods [15]. This allows the regeneration of the solvent
and the compression of the CO, captured to be postponed to periods of low power
demand. During the high power demand periods, the net power plant output is increased
as the energy penalty associated with the consumption of the steam in the regenerator
and electricity during the compression of CO, is avoided [16]. However, even the
storage of solvent for a few hours of operation will require the storage of large masses
of costly amine.

In pre-combustion CO, capture systems, the power generation block can be
decoupled from hydrogen production by using an intermediate hydrogen storage system
provided that a geological suitable structure is available [11, 15]. More commonly, the
clean syngas can be diverted in polygeneration systems to a chemical production line
for the production of fuels such as methanol or dimethyl ether when there is a low
power demand [17].

For oxy-fuel combustion power plant systems, the use of oxygen cryogenic
tanks for backup storage [15, 18] has been proposed to overcome the flexibility
constraints during boiler load changes imposed by the slow response of the air
separation unit (ASU). This increases the cost of the oxygen produced, mainly as a
result of the additional energy requirements for the liquefaction and re-evaporation of
the oxygen. Another proposal for improving the flexibility of oxy-fired systems is to

design a combustor that is able to operate in oxy-fuel or air mode. The combustor could



then operate in air mode during high demand peaks to avoid the high energy penalty
associated with consumption in the ASU and CPU [19]. However, this solution implies
a substantial amount of carbon leakage, as CO, is emitted during air combustion
periods.

One of the possible approaches to introduce flexibility in power plants would be
to build an energy storage system within the power plant boundary. This would allow
variability in power output irrespective of the thermal power input. The idea of
implanting an energy storage system inside the fossil fuel power plant is not new and
several conceptual designs were proposed in the late 70°s [20]. For example, Drost et al.
[21] proposed a concept in which a coal-fired power plant heats up molten salt from
288°C to 566°C and stores the salt in a high-temperature tank during periods of low
electricity demand. During peak demand periods, the hot salt is withdrawn from the
high temperature tank and used as a heat source for a steam generator after which the
cold molten salt is returned to a low temperature tank (at 288°C). Molten salt thermal
energy storage systems are today commercially available and employed in concentrated
solar power plants [22]. Another type of system for this kind of solar plant is to use
moving solids to store energy as latent heat [23-25]. These systems typically consist of
two silos for storing solids at different temperatures and at least one heat exchanger to
transfer the energy from the solar field to the solids during the charging periods and
another heat exchanger to release the energy stored in the solids to a working fluid
during discharge periods [23-25].

Another example of thermal energy storage in fossil fuel power plants is to use
hot water tanks integrated within the steam cycle [21]. During high demand peaks, the
hot water can be discharged into the cycle to avoid steam consumption in the water

preheaters. This can boost the amount power delivered and allow primary and



secondary frequency support responses [26]. The use of rapid changes in the solids
circulation flows and inventories in high temperature solid looping cycles for CCS has
also been proposed recently for the same purpose [27]. However, these solutions are
intended for very small quantities of energy and cannot be considered effective for
large-scale energy storage systems.

The oxy-fired CFBC concept [28] presented in this work incorporates a large-
scale thermal energy storage system that exploits the inherent capacity of circulating
fluidized bed combustors to handle and circulate large flows of solids at high
temperature. Oxy-fired CFBC technology has been developed very rapidly in recent
years [29-31] due to its similarity to existing commercial air-combustion systems, that
have already reached scales of up to 600MW, [32]. By exploiting the elements already
present in CFBC power plants, a basic economic analysis of the proposed system has
been carried out in order to compare its expected electricity costs with those of
equivalent oxy-CFBC and air-CFBC power plants forced to operate with low capacity

factors.

2. Process description

The oxy-fired CFBC power plant concept proposed in this work is represented in
Figure 1. It is composed of several elements (marked in grey) that are common to all
oxy-fired CFBC power plants: a CFB combustor, cyclones, convective heat exchangers
and air preheaters (all marked with the symbol of HX; to simplify the diagram), an
external fluidized bed heat exchanger (FBHX3), an air separation unit (ASU) and CO,
compression and purification units (CPU). The combustor chamber of the power plant
depicted in Figure 1 is assumed to operate in adiabatic conditions by extracting as much

heat as possible from the combustor chamber. Maximum extraction is achieved by using



the circulating solids (Gs crsc) as a heat carrier. Although not a common practice in
existing boilers (where a substantial fraction of the power released during the
combustion is recovered inside the combustor chamber by transferring the heat to water
pipes or wing walls within the combustor), this heat management option is feasible with
the currently available CFBC technology and it is also a design option for oxy-CFB
boilers [29, 33-37] thanks to the large heat carrying capacity of the solids circulating in
and out the combustor. In these conditions, the external fluidized bed heat exchanger
(FBHX,) is one of the main thermal power outputs from the combustion system of
Figure 1 to the steam cycle (not shown in the Figure for simplicity). The fluidized bed
heat exchanger is located in the return path of a fraction of circulating solids (labelled as
stream 4 in Figure 1). Another stream of circulating solids (stream 5) can by-pass the
heat exchanger and enter the combustor directly [38]. This makes it possible to operate
with lower thermal loads and fuel inputs to the combustor and to maintain the same
circulation of solids and combustion conditions [38].

The novel components in Figure 1 with respect to other Oxy-CFBC designs are
the two storage silos and the second series of external fluidized bed heat exchangers
(FBHX3). The purpose of FBHXj is to reduce the temperature of the solids coming from
the cyclone so that they can be stored as cold solids in a low temperature silo during
periods of high demand. This allows increasing the power delivered during high
demand periods. To achieve this objective, FBHX; is composed of a series of fluidized
bed heat exchangers in countercurrent flow to the water-steam flows, such as those
proposed by Schwaiger et al. [24]. At the same time as thermal power is extracted from
FBHX>, the high temperature silo connected to FBHX; feeds solids at high temperature
into this heat exchanger. The cooled solids are then fed to the CFBC. This will give rise

to a total thermal power output (Pmax), the sum of the thermal power extracted from



HX;, FBHX; and FBHX; which is substantially higher than the thermal power released

during the combustion of the fuel (Pcomb).
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Figure 1. Scheme of the Oxy-CFBC power plant concept with energy storage as

proposed in this work.

On the other hand, during periods of low power demand, the thermal power
output from the system towards the steam can be drastically reduced by storing the high
temperature solids leaving the CFBC in the high T silo connected to the exit of the
cyclone. At the same time, the low temperature silo feeds cold solids to the combustor
in order that heat continues to be extracted from the combustion process taking place in
the adiabatic CFBC and to be stored in the high temperature silo. In this operation
mode, the thermal power output (Pmin) only comes from the hot flue gas leaving the

CFBC which is extracted in HXj.



In the scheme of Figure 1, the downwards movement of the solids is due to
gravity and the upwards movement takes places in the CFBC, as long as the silos are
located between the minimum height of the cyclone and the lowest point of the
circulating fluidized bed combustor.

The power plant depicted in Figure 1 is able to operate in different operation
modes (different thermal power outputs between Pm.x and Pnin) and can also gain
flexibility in power output through changes to the fuel firing rate (Pcomp) In the
combustor following the existing practice of load modifications used in commercial
CFBCs. Also, it should be pointed out that the system represented in Figure 1 allows
changes to be made to the thermal power output available for the steam cycle without
modifying the combustion conditions inside the CFBC. This is a significant benefit for
oxy-fired CFBC systems because the operation of the ASU and CPU can be simplified
and made to be more cost-effective as it will be operating in steady state conditions.
Uncoupling Ppax from Peomp Will also allow oxy-fired combustion under steady state
conditions which in turn will minimize emission problems on the combustion side of the
system during rapid load changes [39]. The system proposed in this work will also be
able to deliver Pmax to a steam cycle with a smaller circulating fluidized bed combustor
(because Pcomp<Pmax). This will lead to lower equipment cost in all the elements
associated with the combustion island, at the expense of an increase in the cost of the
storage system, as will be discussed below.

A conceptual design of the proposed system has been carried out by solving the
mass and energy balances for some reference cases assuming reasonable silo
dimensions and energy storage cycle durations. In order to illustrate the different
possible operation modes, a sensitivity analysis of the main variables that may affect the

system has also been performed. To facilitate a transparent examination of the main



assumptions, this work focusses on the thermal power outputs of the heat exchangers of
Figure 1. A detailed integration of these heat flows with steam power cycles is
considered outside the scope of the present work and will be the subject of future
investigation.

The conceptual design of the system in Figure 1 is based on four main variables.
These are the thermal input to the combustor (Pcomp), the power output delivered during
the minimum and maximum power periods (Pmin and Pmax respectively) and the
operating time at maximum power output (tmax at Pmax). Before defining the reference
values corresponding to these variables, we shall discuss their implications for the
operation of the system.

The thermal input to the combustor (Pcomp) defines the size of the combustor
chamber (the cross-sectional area of CFBC is proportional to P¢omp) and the scale of all
auxiliary equipment linked to the combustion of coal (including the scale of the air
separation unit and the CO, purification and compression units in oxy-fired CFBCs).
This parameter also defines the size of the heat exchangers FBHX; and HX;.

In principle, the thermal power delivered in maximum conditions (Pmax) can be
freely chosen within the conservative limits imposed by the volume of the silos, the
properties of the circulating solids (bulk density and heat capacity) and by the
temperature of the solids stored in the silos. Critically, Pyax defines the scale of the
second fluidized bed heat exchanger (FBHX). It is convenient to introduce at this point

the concept of the power ratio (PR) which is defined as:

PR :—F;wmb (1)

max
In the case of a conventional power plant, PR=1 because Pcomp=Pmax. Therefore,
when the plant of Figure 1 is operating in extreme design conditions (only at Ppax Or

Pmin), @ full charge and discharge cycle in the energy storage system consists of two
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steps: the loading of the high temperature silo with high temperature solids from the
CFBC while minimum power (Pmin) is delivered and the discharge from this silo at
maximum power (Pmax) While the cooled solids are being stored in the low temperature
silo. The thermal energy released from the high temperature silo during high demand

periods needs to be the same as that stored during low demand periods. Thus:
(Pmax - I:)comb)tmax :(Pcomb - Pmin ) tmin (2)
where tmax IS the operating time at maximum power and tmi, iS the operating time at

minimum power required to charge the silo with hot solids so that it is ready for the next

discharge period with a thermal output of P« Rearranging:

tmax _ 1_Pmin/Pcomb
t _( 1PR-1 j )

Figure 2 shows the effect of the maximum power delivered during a period of
high demand (Pmax) 0N tmax/tmin. High values of Ppmax imply the need to release the energy
stored in a short period of time as this will lead to low tma/tmin ratios. Figure 2 also
shows that the ratio tyax/tmin iS higher for the systems with lower Py, as more energy

can be stored during low demand periods.
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Figure 2. Power ratio and tmax/tmin ratio as a function of Pyax/Pcomb for different values of
Prmin/Pcomb-

The choice of an operating time (tmax) t0 operate at maximum power P is the
key variable for assigning dimensions to the solid storage silos of Figure 1, together
with the thermal properties of the stored solids and the temperature difference between

the high and the low temperature silo, that define the energy storage density (ESD):

ESD =p, €y (Trirs — Tirs) (4)

where ps is the bulk density of the solids, cs is the heat capacity of the solids, and Twrs
and T_rs are the temperatures of the high and low temperature silos respectively. Heat
losses from this type of silo with a low surface-to-volume ratio and solids with a low
thermal conductivity can be ignored in this study. We also assumed that the intrusion of
air to the high temperature silo can be minimized to avoid the combustion of the char
present in the inventory of solids circulating in the CFBC system. Therefore, Tyrs is
determined by the operation temperature in the CFB combustor and T s by the
temperature of the solids leaving the series of fluidized bed exchanger FBHX,.
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To illustrate a simple conceptual design case, a reference CFBC power plant
with a combustion thermal input (Pcomb) Normalized to 100 MW, is used as reference. A
bituminous coal (C=65%wt, H=3%wt, S=1%wt, O=8%wt N=1%wt, H,O=7%wt,
Ash=15%wt, LHV=26.3 MJ/kg) is burned in the combustor using a mixture of O,/CO,
with 30% oxygen at a temperature of 900 °C. The combustion is carried out with an
oxygen excess of 6% and an oxygen supply of 7.7kg/s is delivered by the ASU for this
purpose. The flue gas flow of 35.8 kg/s leaving the combustor transports 9.1 kg/s of
CO;, to be compressed and stored. For the combustor chamber, we have assumed a
typical gas velocity of 5 m/s that gives a cross-section of 16.4 m?. The solids stored in
the silos and circulating through the combustor could be a mixture of ash and calcium
derived solids that are routinely used in CFBCs as SO, sorbents. However, in order to
minimize the volume of the silos, it would be preferable to run the system using a
circulation of low cost inert solids of high particle density such as ilmenite or olivine. A
certain make-up of inert dense solids (not shown in Figure 1 for simplicity) will be
needed and/or a device to separate a substantial fraction of the coal ash from the denser
solids used as heat carrier. For this design exercise, we have assumed that the solids
circulating through the combustor and stored in the silos are composed mainly of
ilmenite with an average heat capacity of 1300 J/kg°C and a bulk density of 2400 kg/m®
[40].

As pointed out above, the combustor is designed to operate as an adiabatic
reactor. Therefore, most of the power released during combustion is transferred to the
circulating stream of solids. In order to minimize the fraction of power that abandons
the system with the flue gas, part of this power is used to preheat the comburent up to a
temperature of 350 °C. This leaves a power of 29.7 MW, available in the HX; which is

the minimum power (Pmin) during low demand periods and a ratio Ppmin/Pcomp Of 0.297.
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It is important to note that the power plant has internal power consumption
requirements due to the air separation unit (ASU), CO, compression and purification
units (CPU), and the power plant auxiliaries that must be met even during low demand
periods. Assuming a typical specific energy consumption of 160 kWhe/to, in the ASU
and 100 kWhe/tco, in the CPU [41], 5% of the gross electric power output (Ppax) for the
auxiliaries [42] and 45% net efficiency for the steam cycle, the thermal energy
requirements for this internal electricity consumption will be 27.1 MW,. This almost
matches the thermal power available from HX;, which means that during minimum
electricity demand periods, the CCS plant can consume all the electricity that is
generated from the thermal output from HX; and it should be possible to reduce the
electricity flow to the grid to almost zero.

The solids circulation rate through the combustor has been fixed at a value of
15 kg/m?s which is in the range of typical CFB combustors [43]. In order to extract
70.3 MW from the circulation of solids leaving the combustor (245.8 kg/s), the
temperature of the solids at the exit of the heat exchanger (FBHX;) needs to be around
680 °C.

In order to design the volume of the silos, a maximum power output (Pmax) Of
200 MW, is assumed. This results in a power ratio of 0.5 and a tmax/tmin ratio of 0.7
according to Eq. 3. The volume of the silos is proportional to the time tnax that the plant
needs to be operating at Pnax Without interruption. There are typically two peak periods
(early morning and evening) in the electricity demand curves in most countries,
separated by several hours of lower activity. However, as stated in the Introduction, a
flexible power generation system with energy storage devices needs to be ready to
operate at Pmax randomly, during periods of normal electricity demand on the

assumption that there will be gaps in the electricity supply due to renewables
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intermittency or other variable power sources. In this particular reference example, the
silos have been designed to operate at maximum power (tmax) during a period of just 2
hours (equivalent to 200 MWHh;), which must be followed by a period of 2.8 h at P,
with a maximum frequency of 5 charge/discharge periods per day. Obviously, if higher
frequencies between the charge and discharge modes of operation are desired, tmax and
the volume of the silos can be reduced. The energy storage density (ESD) will be 607
kWhy/m?® (assuming 200 °C to be the temperature of the cold solids leaving FBHX>).
The volume needed for the silos will then be 330 m®. A cross-section of 16.5 m? has
been calculated for the silos assuming they will have a height of 20 m to allow for the
inclusion of the high temperature silo between the discharge point of the cyclone and
the inlet point of solids entering the combustor. This cross-section compares reasonably
well with that corresponding to the combustor delivering Peomp (16.4 m?).

Table 1 shows the main mass flow streams and the power available from the
different heat exchangers during operation in maximum, minimum and normal (without
using the energy storage system) modes. During tyax, part of the total solids circulation
(Gssito= 6.7 kg/m?s referred to the cross-sectional area of the CFBC) is diverted towards
the FBHX; heat exchanger. The rest of the solids circulating from the combustor
(equivalent to 8.3 kg/m?s) and the solids from the high temperature silo are fed to the
main heat exchanger (FBHX4) to ensure a solids flow of Gscrac=15 kg/m?s through the
combustor and the delivery of 70.3 MW; by FBHX;.

Table 1. Main mass flows involved in the systems depicted in Figure 1 and 4 and

the power delivered under the different operation modes.

PR=0.5 PR=0.2
Maximum Minimum Maximum Minimum
Normal Normal
power power power power
Mass Mass Mass Mass Mass Mass
flow Temp. flow Temp. flow Temp. flow Temp. flow Temp. flow Temp.
Stream kgls °C kgls °C kgls °C kgls °C kals °C kals °C
1 3.8 20 3.8 20 3.8 20 3.8 20 3.8 20 3.8 20
2 32.3 350 32.3 350 32.3 350 32.3 350 32.3 350 32.3 350
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3 35.8 900 35.8 900 35.8 900 35.8 900 35.8 900 35.8 900
4 245.8 | 900 135.9 | 900 0 0 2458 | 900 | 245.8 | 900 0 0
5 0 0 0 0 168.6 | 900 0 0 0 0 168.6 | 900
6 0 0 0 0 77.2 900 0 0 0 0 77.2 900
7 0 0 109.9 | 900 0 0
8 0 0 109.9 | 900 0 0 0 0 439.6 | 900 0 0
9 0 0 0 0 77.2 200 0 0 0 0 77.2 200
Power output
HX, 29.7 29.7 29.7 29.7 29.7 29.7
FBHX; 70.3 70.3 0 70.3 70.3 0
FBHX, 0 100.0 0 0 400 0
Total 100 200 29.7 100 500 29.7

The system has been designed with extreme power outputs in mind but it can

also be operating for longer periods of time (see Figure 3b) at intermediate power

outputs between Ppax and Pmin by adjusting the split of the solids flow from the CFBC

(Gscrae) to the high and low temperature silos (Gs silo) (Streams 6 and 8 in Figure 1 and

dotted line of Figures 3a and 3b). This particular example has been chosen to illustrate

that the thermal power output of the system can be adapted to virtually any shape in the

demand curve by controlling the solids circulation ratios Gssio/GScrsc While the

combustion conditions in the oxy-CFBC are kept constant. This high level of flexibility

can be achieved by means of methods and equipment used for the control and operation

of external fluidized bed heat exchangers in commercial CFBC boilers [44, 45]
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Figure 3. Examples of thermal power output curves of the system with a power ratio of
0.5 of Table 1: a) operating the system to fit peaks of maximum power output; b)
operating the system to follow a curve of power output by adjusting solids circulation

ratios in the system (dotted line).

Table 1 also includes the conditions corresponding to a different design case
with an even lower power ratio (PR=0.2) for a system intended to operate at a
maximum power of 500 MW, (Pmax) for a maximum of 2.5 hours followed by a long
period of time at Py,in where the high temperature silo is charged overnight for 12 hours.
The remaining time (9.5 hours) could be used in this particular example for the
operation at Pcomp (to cover, for example, the period between the morning and night
peaks) or for recharging the high temperature silo and increasing the duration of the
night peak at Ppmax.

As can be seen from the new scheme in Figure 4 based on a design with a
PR=0.2, the scale of the full oxy-fired CFBC subsystem (including ASU and CPU) has
been considerably reduced (as Pcomp iS only 1/5 of Prax), While the relative volume of the
silos and its associated heat exchanger have been increased. This makes it necessary to
redesign the method to increase the amount of solids circulating in the system as the
solids flow between the silos will have to increase to over 439.6 kg/s (see Table 1) in
order to allow a much larger thermal power output from FBHX. In these conditions, it
will probably be necessary to set up two separate steam cycles (one standard cycle for
the oxy-CFBC marked in grey in Figure 4, to deal with the sum of HX; and FBHX;
power outputs) and a second steam cycle driven by the stream of hot solids flowing
through FBHX,. As indicated in Figure 4, this large FBHX; could be located below the

high temperature silo and be connected to an independent transport line of cold solids to
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the top of the low temperature silo.
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Figure 4. Scheme of the proposed Oxy-CFBC power plant concept with energy

storage with a PR=0.2.

As will be discussed below, this system could be economically interesting in
certain market conditions because the contribution to the overall specific equipment cost
of the first subsystem (the costly CCS part marked in grey in Figure 4) is relatively
small compared to the contribution required by the subsystem with the lower specific
equipment cost (the silos and the steam cycle driven by Pnax). As will be discussed
below, although a low power ratio (PR=0.2) will always be detrimental to specific
electricity costs, the advantage of such a system is that it could be used to cover short
by highly rewarding peaks. To our knowledge, no other CCS system could operate with

such a low capacity factor without incurring very severe economic penalties.
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3. Cost analysis
A Dbasic economic analysis has been carried out in order to explain the cost
structure of the proposed system and the conditions that must be met for the system to
be viable with respect to existing CFBC power plant designs (oxy-fired and air-fired).
The cost of electricity (COE) has been estimated for all the systems using the following
equation for a levelized cost [1]:

cop - TCRxFCF+FOM o FC ©)
CFx8760 n

where TCR is the specific total capital requirement to build any of the power plants
discussed below, FCF is the fixed charge factor, FOM are the fixed operating costs,
VOM are the variable operating costs, FC the fuel cost and n is the net plant energy
efficiency.

The cost of CO, avoided (AC) [1] in oxy-fired CO, capture systems is used to
quantify the cost of reducing CO, emissions by one unit (usually one tonne of COy)
while delivering the same amount of power as a reference plant without CO, capture,
and is defined as:

AC= COEcapture -
- (co,kwn?)

COE,, -
~(co,kwnh;!)

ref capture
where CO.kWhe! is the CO, mass emission rate per kWhe. The application of these
equations to a CFBC and oxy-CFBC without energy storage is straight forward because
there is sufficient aggregated cost information on TCR for both air fired and oxy-fired
CFBC power plants [10, 35, 46-48]. For reference purposes, we have chosen
representative numbers for all these variables as shown in Table 2, based on detailed
reports by Naskala et al. [35] and DOE [48] because these two studies provide detailed
costs of the components of power plants, that will be used below to discuss the TCR of

the power plants with energy storage represented Figure 1 and 4.
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Table 2. Summary of cost assumptions for the CFBC power plants without energy

storage.
Oxy-fired | Air-fired (ref)

Reference plants without energy
storage
Total capital requirements, TCR $IkW, ($/kW,) | 3600 (1296) | 2000 (900)
Fixed fraction cost, FOM $/KW, 50 35
Fixed charge factor, FCF yrt 0.1 0.1
Variable cost, VOM $/KWhe 0.007 0.005
Fuel cost, FC $/GJ 3 3
Capacity factor, CF 0.9 0.9
Net plan efficiency, n KWe/kW, 0.36 0.45
CO, emission factor, CO,kWh,* tcoo/MWhe 0.045* 0.724
COE $/kWhe 0.087 0.057
AC $ltcor 43.2

*For a 90% of capture efficiency

We have assumed that the fuel cost, the net energy efficiencies and the fixed and
variable operating costs reported in Table 2, are the same for all systems considered in
this work. The focus in the following paragraph is on estimating the TCR and CF
variables of equation (5) for the different systems considered.

For convenience, the discussion that follows is based on the specific cost of
equipment per unit of thermal power (kW,) as can be seen in Table 2 with the numbers
in brackets referring to the reference systems. In these conditions, the total cost ($) of a
complete system incorporating energy storage that must be able to generate a maximum
thermal power output of Ppax is simply TCR Pnax. To estimate the value of TCR
($/kWy), three main components of the power plant with the energy storage system are
considered:

- TCRpower wio comb- This is the specific capital requirement to build a power

plant excluding the equipment related with the fuel combustion (TCRcomp).

Therefore, this comprises the full steam cycle (i.e. steam turbine and feed
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and cooling water systems) for absorbing a thermal power of P It also
includes all the costs related to the conditioning of the site, the building of
the structures, the instrumentation and control and accessory electric plant.
TCRcomp- This is the specific capital requirement of all the fuel combustion
equipment for delivering a thermal power given by Pcomp (i.€. equipment
marked in grey in Figures 1 and 4). This includes all the equipment
associated with the combustion chamber (including FBHX;, HX;and the fans
used for fluidization), the fuel feeding system, the flue gas cleaning, ash
handling and the ASU and CPU units in the oxy-fired systems. According to
the data available in the literature [35], this capital requirement represents
about 60% of the total TCR of an oxy-CFBC power plant and about 50 % of
the total TCR of an air-fired CFBC power plant. As indicated in Table 3, we
have assumed that the P¢omp IS sufficiently large to yield identical specific
capital costs to those reported in Table 2 for standalone power plants
designed for the same thermal output.

TCRstorage. This is all the equipment necessary to deliver a thermal power of
Pmax-Pcomb (mainly the power generation equipment related to FBHX5, the
two silos and their solids transport equipment). Therefore, the scale of the
equipment (and its total capital cost) is assumed to be proportional t0 Ppax-

I:>comb-

In these conditions the total cost of the energy storage system of Figures 1 or 4,

designed to deliver a maximum thermal power Ppax will be:

TCR Prnax :TCR P + TCRComchomb + TCRStorage (Pmax - Pcomb) (7)

or:

Powerw/oComb ' max

TCR :TCRPowerw/oComb + TCRCombPR +TCRStorage (1_ PR) (8)

20



The estimation of TCRsorage IS Uncertain. On the basis of similar components in
existing power systems and/or cement plants handling large flows of similar materials,
the cost can be split into three main equipment cost components:

TCR TCRegxo T TCRygshandting T 2 T CRiio b 9)

Storage

In oxy-CFB power plants, the largest fraction of the heat is extracted from the
boiler and mainly from the external heat exchangers. The specific cost of FBHX;
(TCRegHx2) Is assumed to be identical to the cost of the boiler of an oxy-CFBC power
plant. This assumption can be considered conservative and is supported by the fact that
FBHX; is mechanically and thermally similar to the equipment used today in power
plants incorporating external fluidized bed heat exchanger technologies [29, 33, 38].
Furthermore, in accordance with reference [35, 48], the cost of the boiler in an oxy-
CFBC power plant represents approximately 15% of the total TCR of the plant.

The specific equipment cost of the solids handling, TCRsolig handling I the energy
storage system has been assumed to be zero for the system in Figure 1 because the
circulating fluidized bed combustor has already incorporated the necessary transport of
solids from the bottom of the silos to the top of the silos. However, for the system with
a PR lower than 0.2 represented in Figure 4, the solids circulation rate required
throughout the CFBC takes on a value of more than 25 kg/m% and it would be
appropriate therefore to incorporate an additional transport line of cold solids leaving
FBHX; to the top of the low temperature silo. The specific cost for this equipment is
assumed to be 20 $/(kg/h) the same value as that of reference [49] for typical equipment
in cement plants used to transport the clinker from the cooler to the storage silo. This
specific cost can be considered conservative because it is likely to go down in view of

the large scale of the solids handling in the energy storage system of Figure 4. In order
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to change this figure into the units of Table 3 (TCRsolids handiing OF 79.2 $/kW;), we have
assumed the equipment cost to be proportional to the solids circulation flows Gssjj, In
Figure 1 or 4 required to transfer one kW; from the high temperature silo to the low
temperature silo (1.1*10 kg/s for the solids used in this work with a heat capacity of
1300 J/kg°C and a difference of temperature between the silos of 700 °C).

Finally, the specific cost of the high temperature and low temperature silos is
assumed to be 1.5 $/kg which is similar to the specific cost of silos used to store the
ashes extracted from coal boilers [35, 48]. As in the case of the solids handling
equipment, the TCRs;j,, value of 5.9 $/kWh, adopted in Table 3 was obtained for the
typical design base reported in the previous sections (3.95 kg of stored solids to satisfy
an energy storage of 1 kWh, for the solids used in this work with a heat capacity of
1300 J/kg°C and a difference of temperature between silos of 700 °C).

Now that the methodology used to estimate TCR has been discussed, it is
important to consider again the definition of the capacity factor (CF in eq. 5) with
reference to the different systems employed in this work. For the reference cases of
Table 2, the value of CF=CF.,m»=0.9 is a standard capacity factor value for power plants
with a “base load”. It indicates the ratio between the energy produced over the year (for
example in KWhe of electricity) divided by the maximum energy that could be produced
if the plant were operating at full load all year. However, the value of CF in the energy
storage systems must take into account that “full load” at the maximum power Ppmax iS
only available for a certain period of time even when the combustor is operating
continuously at Pgomp. Therefore:

CF=CF,,,PR (10)
which shows once again that the systems incorporating energy storage are limited (by

PR) to the fraction of time during which they can deliver full power.
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Another important difference between Table 2 and Table 3 concerns the choice
of net plant efficiency for the different systems compared in this work. It is well known
that lower values of CF are associated to relevant energy penalties when a low CF is
linked to part load operation. The penalty would be less severe if the CF was linked to
long periods at full load followed by long shut-down periods. It is beyond the scope of
this conceptual paper to analyse the dependencies of the net power efficiencies with CF.
Therefore, all efficiencies in Table 3 are assumed to be identical to the reference
systems at high CF and the comparison of cost that follows in the following paragraphs
focuses on relative differences between systems at identical CF (which are likely to
have similar penalties associated to the low CF).

The application of the previous assumptions and equations to estimate the costs
reported in Table 3 allows a preliminary comparison of costs for the systems without
energy storage reported in Table 2. As expected, the COE is substantially higher in the
cases chosen as examples of systems incorporating energy storage with respect to the
reference plants in Table 2 operating with a large CF. However, this is essentially
because the systems being compared have very different overall CFs. A power plant
with no energy storage will deliver electricity at the lowest cost if, and only if, the
capacity factor of the plant is sufficiently high. However, the reverse applies when

similar capacity factors are considered.

Table 3. Summary of cost assumptions for the CFBC power plants with energy storage
for different power storage ratios (PR), using a CF¢omp=0.9, and FC, VOM and FCF

values as in Table 2

Reference plants with energy Air-fired | Oxy-fired | Oxy-fired
storage PR=0.2 PR=0.5 PR=0.2

Type of system Figure 4 Figure 1 Figure 4
TCR $/KW, 782 1016 916
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TCRPower w/o Comb $/kWt 450 518 518
TCRcomb $IkW, 450 778 778
TCRstorage (EQ. 9) $/KW, 303 218 303
TCRegHx2 $/KW, 194 194 194
TCRsolid handling $/KW, 79 0 79
TCRSilo $/kWht 5.9 5.9 5.9
tmax h 2.5 2 25
Capacity factor, CFcomp PR 0.18 0.45 0.45
Net plan efficiency, n KW./kW¢ 0.45 0.36 0.36
CO, emission factor, COkWh? | tco,/MWh 0.724 0.045* 0.045*
COE $/kWhe 0.157 0.118 0.233
AC $ltcor 45.9 71.7
(88.9**) (243.5**)

*For a 90% capture efficiency

** For PR=1 in the reference plant and CF=0.9

Figure 5 compares the cost of electricity produced by a CFBC power plant as a
function of the capacity factor for oxy-fired and air-fired systems with and without
storage. Since PR=1 for the systems without energy storage, the reduction in the
capacity factor comes from the reduction in CF.,mp and the COE rapidly escalates to
high values as CF decreases, especially in the case of the oxy-fired CFBC since the
costly equipment is underused for low values of CFcmp. In contrast, for the three
systems with energy storage, where CF¢,mp remains constant, the impact of the lower
capacity factor is in the decreasing values of the power storage ratio (PR). Since a
decrease in this power ratio increases the contribution of the lower cost components of
the system (TCRstorage IS lower than TCRcomp) to the total power plant cost TCR (Eg. 8),
the levelized cost of electricity increases less sharply than in the case of power plants

without energy storage.
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Figure 5. Cost of the electricity (COE) as a function of the capacity factors of the
systems in Table 2 and 3. Dotted lines: reference systems (air and oxy-CFBC with
PR=1).

Figure 5 indicates that, if a power plant is designed to operate in a market with
low capacity factors (low CF=CF.my), a system that incorporates energy storage with
the same overall capacity factor (CF) achieved with the maximum technical value of
CFeomp but lower values of PR should be cost effective. The differences in COE are
larger for oxy-fired power plants with energy storage than for similar oxy-fired systems,
in Table 2 that operate with a low CF¢,mp. The difference in COE in the case of air-fired
systems is less favorable to energy storage systems. This indicates that the storage
system proposed in this work would be a good alternative if cost intensive oxy-fired
CO, capture systems operated with low capacity factors, since the impact of low PR in

reducing the average TCR of the systems would be greater (see Eq. 8). For a given
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capacity factor, the COE of the system depicted in Figure 1 is slightly lower than that of
Figure 4, as there is no need of a solid handling system.

It is important to point out that the costs of the electricity presented in Table 3
and Figure 5 for the power plants incorporating an energy storage system have been
calculated assuming that the CFcomp IS 0.9 as the combustor can operate continuously
irrespective of the power output. The cost benefits of this steady state operation in the
combustion part of the system (and all the remaining auxiliaries) have not been
quantified in the simple cost analysis carried out above on the systems with energy
storage. Therefore, it could be argued that the cost estimates considered in the previous
paragraphs are too conservative and that we have been somewhat pessimistic in our cost
assumptions for these energy storage systems.

To turn to the differences in avoided cost of CO, obtained with Eqg. 6, it is
important to choose an adequate reference plant without capture. Generally, this is a
power plant of the same type and design as the plant with CO, capture [1, 10].
Therefore, for this study an air-fired CFBC power plant was selected as reference. The
results for the avoided costs in Tables 2 and 3 and in Figure 6 have been calculated
assuming that the reference power plant operates with the same capacity factor as the
oxy-CFBC systems with and without energy storage. For a conventional oxy-CFBC
power plant operating at “base load” with a CF=0.9, the cost of CO, avoided is 43.2
$/tco2. However, the AC for this type of power plants increases sharply as the capacity
factor decreases in accordance with the evolution of the COE with CF as shown in

Figure 5.
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Figure 6. Cost of CO, avoided as a function of the capacity factors of the systems in
Table 2 and 3.

In the case of the oxy-CFBC power plants with energy storage, the increase in
the cost of avoided CO, with CF is less pronounced. This is due to the lower increase in
the COE with CF for these systems. This is obviously linked to the assumption that the
capacity factor in the energy storage system is the same as that in the reference plant. As
mentioned above, the energy storage systems discussed in this work would be less
economical than the reference plants if the reference plants were allowed to work with
very high capacity factors (see cost of AC in brackets in Table 3). But from Figure 6, it
can be seen that standard oxy-fuel combustion systems would also be uneconomical,
and possibly technically unviable if they operate with low capacity factors and/or very
large load changes.

An important point to bear in mind when comparing the COE and cost of CO,
avoided of the different systems in Figures 5 and 6 is that the CF value in the reference

system without energy storage can change over the whole scale of capacity factors (i.e.
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the power plant could be operated at different periods of time with different capacity
factors). In contrast, with the energy storage system, the average capacity factor is an
irreversible design choice that cannot be increased beyond the value of PR adopted
when designing the storage equipment. This is obviously a constraint that will favor the
standard systems (without energy storage) when there is a lot of uncertainty in the
electricity markets, though there is a substantial probability of high capacity factors. The
value of this additional flexibility in the standard systems is not represented in Figures 5
and 6, and could sway decisions in favor of the standard systems (with no energy
storage) when capacity factors are much higher than CF=0.5. However, the differences
in COE and avoided costs are substantial when capacity factors are below 0.5 and
increase if there is a further decrease in CF. Therefore, in view of the uncertainties and
trends discussed above, we can conclude that there is a wide range of conditions in
which the systems with energy storage will be competitive.
4. Conclusions

Circulating fluidized bed combustor power plants, CFBC, in particular those
operating under oxy-fired conditions have limited flexibility for both technical and
economic reasons associated to the large impact of the capacity factor on energy cost.
The ability of CFBCs to handle and circulate large flows of high temperature materials
makes it possible to design a large scale thermal energy storage system composed of
two solid storage silos connected to the circulating fluidized bed combustor. The
thermal energy stored in the high temperature silo of solids during low power demand
periods can generate a large amount of thermal power even with a small circulating
fluidized bed combustor. This is particularly important for highly integrated and costly
oxy-fired CFBC. During low power demand periods, the CFBC is fed by a low

temperature stream of solids from a silo while the high temperature solids circulating in
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the combustor are stored in the high temperature silo. In this study, two conceptual
designs of energy storage systems in oxy-CFBC power plants able to deliver between 2
and 5 times the nominal thermal power capacity of the combustor have been carried out
to illustrate the flexibility in power outputs that can be achieved by controlling the solid
circulation rates between the silos and through the combustor. With a constant
combustion conditions and a coal feeding rate equivalent to 100MW; in the CFBC, the
system should be able to modify the power output between a minimum of 29.7 MW,

and a maximum of 200 and 500 MW, respectively.

According to a preliminary cost analysis of these design examples, there is a
clear window of opportunity for these systems to be competitive in markets where the
power plants (with or without CO, capture) are forced to operate at very low capacity
factors, CF. This is because the specific capital cost of the energy storage components
of the system (heat exchanger + silos + solids handling at low temperature) appears to
be lower than that of equivalent fuel combustion equipment in conventional power
plants. For oxy-CFBC power plants incorporating energy storage with an overall
capacity factor below 0.45, the cost of electricity appears to be highly competitive
compared to the cost of the electricity produced by an equivalent system without energy
storage. On the other hand, costs are always higher in systems with energy storage when
compared to systems without storage operating with very high capacity factors. Energy
storage systems can operate at full load only during relatively short periods of time with
respect to other periods when the thermal energy is stored in silos. The storage systems
proposed in this work are especially attractive when cost intensive oxy-fired CFBC
systems are forced to operate with low capacity factors. However, more research is

clearly needed to close gaps of knowledge and cost uncertainties in the new concept.

Acknowledgment
29



Y.A. Criado thanks the Government of the Principality of Asturias for a Ph.D.
fellowship (Severo Ochoa Program). B. Arias thanks MINECO for the Ramon y Cajal

contract.

References

[1] Metz B, Davidson O, de Coninck H, Loos M, Meyer L. Special Report on Carbon
Dioxide Capture and Storage. Intergovermental Panel on Climate Change, Cambridge
University Press. 2005.

[2] Leaton J, Ranger N, Ward B, Sussams L, Brown M. Unburnable Carbon 2013:
Wasted capital and stranded assests. Report Carbon Tracker Initiative & Grantham
Research Intitute of Climate Change and the Environment. 2013.

[3] Leaton J. Unburnable Carbon-Are the world's financial markets carrying a carbon
bubble? Report Carbon Tracker Initiative. 2013.

[4] IEA. Harnessing Variable Renewables. International Energy Agency Report. 2011.
[5] EPRI. State of the Art Boiler Design for High Reliability Under Cycling Operation.
CA: 20041009914. 2004.

[6] Keatley P, Shibli A, Hewitt NJ. Estimating power plant start costs in cyclic
operation. Appl Energy. 2013;111:550-7.

[7] Kumar N, Besuner P, Lefton S, Agan D. Power Plant Cycling costs. National
Renewable Laboratoy. 2012.

[8] Denny E, O’Malley M. The impact of carbon prices on generation-cycling costs.
Energy Policy. 2009;37:1204-12.

[9] Rubin ES, Mantripragada H, Marks A, Versteeg P, Kitchin J. The outlook for
improved carbon capture technology. Prog Energy Combust Sci. 2012;38:630-71.

[10] ZEP. The cost of CO, capture: post-demonstration CCS in the EU. European
Technology Platform for Zero Emissions Fossil  Fuel Power Plants,
wwwzeroemissionsplatformeu. 2011.

[11] Davison J. Flexible CCS plants—A key to near-zero emission electricity systems.
Energy Procedia. 2011;4:2548-55.

[12] Domenichini R, Mancuso L, Ferrari N, Davison J. Operating Flexibility of Power
Plants with Carbon Capture and Storage (CCS). Energy Procedia. 2013;37:2727-37.
[13] Middleton RS, Eccles JK. The complex future of CO2 capture and storage:
Variable electricity generation and fossil fuel power. Appl Energy. 2013;108:66-73.

[14] Chalmers H, Leach M, Lucquiaud M, Gibbins J. Valuing flexible operation of
power plants with CO2 capture. Energy Procedia. 2009;1:4289-96.

[15] IEAGHG. Operating Flexibility of Power Plants with CCS. 2012.

[16] Chalmers H, Gibbins J. Initial evaluation of the impact of post-combustion capture
of carbon dioxide on supercritical pulverised coal power plant part load performance.
Fuel. 2007;86:2109-23.

[17] Williams RH. Toward zero emissions from coal in China. Energy Sust Dev.
2001;5:39-65.

[18] Hu Y, Li X, Li H, Yan J. Peak and off-peak operations of the air separation unit in
oxy-coal combustion power generation systems. Appl Energy. 2013;112:747-54.

[19] Hack H, Fan Z, Seltzer A, Hotta A, Eriksson T, Sippu O. Development of Flexi-
Burn™ CFB power plant to meet the challenge of climate change. 20" International
Conference on Fluidized Bed Combustion. Xian, China2009. p. 200-5.

30



[20] Hausz W, Berkowitz BJ, Hare RC. Conceptual design of thermal energy storage
systems for near term electric utility applications. Vol. 1: Screening of concepts. Report
DOE/NASA/0012-78/1. 1978.

[21] Drost MK, Somasundaram S, Brown DR, Antoniak ZI. Thermal Energy Storage
for Coal-Fired Power Generation. Fossil fuel plant cycling meeting, Washington, DC
(USA), 4-6 Dec 1990.

[22] Gil A, Medrano M, Martorell I, Lazaro A, Dolado P, Zalba B, et al. State of the art
on high temperature thermal energy storage for power generation. Part 1—Concepts,
materials and modellization. Renewable Sustainable Energy Rev. 2010;14:31-55.

[23] Warerkar S, Tamme R, Schmitz S, Goettsche J, Hoffschmidt B, Reillel M. Air-
Sand Heat Exchanger for High-Temperature Storage. J Sol Energy Eng. 2011;133.

[24] Schwaiger K, Haider M, Holzleithner F, Eisl R. sandTES-A novel Thermal Energy
Storage System Based on Sand. 21st International Conference on Fluidized Bed
Combustion, Naples, Italy. 2012.

[25] Jeter SM, Stephens JH. Systems and methods of thermal energy storage and
release. Patent, US2012/0132398A1. 2012.

[26] Schuele V, Bierewirtz F, Renjewski D. Hybrid or Flexible-Integrated approach for
renewables integration. International Conference of Power Plants, Zlatibor, Serbia.
2012.

[27] Haines M. Implications of grid codes. Challenges for CCS power plants utilising
high temperature solid looping processes. 5th High Temperature Solid Looping
Network Meeting, Cambridge, United Kingdom. 2013.

[28] Abanades JC, Arias B, Criado YA. System and method for energy storage using
circulating fluidized bed combustors. EP Pat 1641871. 2013.

[29] Anthony EJ, Hack H. Oxy-fired fluidized bed combustion: technology, prospects
and new developments. Fluidized bed technologies for near-zero emission combustion
and gasification. 2013;Woodhead Publishing Series in Energy, Ed. Fabrizio Scala.

[30] Mydhanen K, Hyppénen T, Pikkarainen T, Eriksson T, Hotta A. Near zero CO,
emissions in coal firing with oxy-fuel circulating fluidized bed boiler. Chem Eng
Technol. 2009;32:355-63.

[31] Kuivalainen R, Eriksson T, Hotta A, Sanchez-Biezma A, Jubitero JM, Ballesteros
JC, et al. Development and demonstration of oyx-fuel CFB technology. 35th
International Conference on Clean Coal & Fuel Systems, Clearwater, Florida. 2010.

[32] Uttt J, Giglio R. Foster Wheeler's 660 MWe supercritical CFBC technology
provides fuel flexibility for Asian power markets. PowerGen Asia, Bangkok, Thailand.
2012.

[33] Hotta A, Kuivalainen R, Eriksson T, Lupion M, Cortes V, Sacristan ASB, et al.
Development and demonstration of oxy-fuel CFB technology. J South Afr Inst Min
Metall. 2012;112:431-6.

[34] Bolea I, Romeo LM, Pallarés D. The role of external heat exchangers in oxy-fuel
circulating fluidized bed. Appl Energy. 2012;94:215-23.

[35] Nsakala N, Liljedahl GN, Marion J, Levasseur AA, Turek D, Chamberland R, et al.
Oxygen-fired Circulating Fluidized Bed Boilers for Greenhouse Gas Emissions Control
and Other Applications. 3rd Conference on Carbon Capture Sequestration, Alexandria,
Virginia, May 2004. 2004.

[36] Seddighi S, Pallares D, Johnsson F. One-dimensional modeling of oxy-fuel
fludized bed combustion for CO2 capture. 13th International Conference on
Fluidization, Gyeong-ju, Korea. 2010.

[37] Bolea I, Romeo LM, Pallarés D. Heat transfer in the external heat exchanger of
oxy-fuel fluidized bed boilers. Applied Thermal Engineering. 2014,66:75-83.

31



[38] Goldich SJ, Hyppanen T, Kauppinen K. CFB boiler design and operation using the
INTREX heat Exchanger. Proceedings of the 6th International Conference on
Circulating fluidized Beds, Wurzburg, Germany. 1999.

[39] Valentino L, Valenzuela V, Botterud A, Zhou Z, Conzelmann G. System-Wide
Emissions Implications of Increased Wind Power Penetration. Env Sci Technol.
2012;46:4200-6.

[40] Moldenhauer P, Rydén M, Lyngfelt A. Testing of minerals and industrial by-
products as oxygen carriers for chemical-looping combustion in a circulating fluidized-
bed 300 W laboratory reactor. Fuel. 2012;93:351-63.

[41] Darde A, Prabhakar R, Tranier J-P, Perrin N. Air separation and flue gas
compression and purification units for oxy-coal combustion systems. Energy Procedia.
2009;1:527-34.

[42] Romeo LM, Abanades JC, Escosa JM, Pafio J, Giménez A, Sanchez-Biezma A, et
al. Oxyfuel carbonation/calcination cycle for low cost CO, capture in existing power
plants. Energy Convers Manage. 2008;49:2809-14.

[43] Johansson A, Johnsson F, Leckner B. Solids back-mixing in CFB boilers. Chem
Eng Sci. 2007;62:561-73.

[44] Goidich SJ, Hyppanen T. Foster Wheeler compact CFB boilers for utility scale.
Proceedings of 16th International Conference on Circulating Fluidized Beds, Hamburg,
Germany. 2001.

[45] Nowak W, Mirek P. Circulating fluidized bed combustion. Woodhead Publishing
Seried in Energy: Number 59. 2013.

[46] Koornneef J, Junginger M, Faaij A. Development of fluidized bed combustion—
An overview of trends, performance and cost. Prog Energy Combust Sci. 2007;33:19-
55.

[47] SETIS-Calculator. Calulation of Energy Production Costs.
https://odin,jrc.europa.eu/SETIS/SETIS1.html

[48] NETL. Updated costs (June 2011 basis) for selected bituminous baseline cases.
Report DOE/NETL-341/082312; National Energy Technology Laboratory (NETL), US
Department of Energy: Washington, DC

2012.

[49] IEA. CO; capture in the cemment industry, 2008/3. IEA Greenhouse Gas R&D
Programme (IEA GHG). 2008.

32



