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h i g h l i g h t s

� CO2 reduction in a circulating fluidized bed (CFB) oxy-boiler is studied.
� Two cases are analyzed: (1) an air CFB boiler adapted to operate with O2 and (2) a new boiler designed for oxycombustion.
� For (1) the boiler performance adapted to operate in a similar way as in air-fired CFB is studied.
� For (2) the advantages and challenges are identified for future developments.
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a b s t r a c t

The conditions for CO2 reduction in a circulating fluidized bed (CFB) oxy-boiler are studied, that is, oper-
ation with pure oxygen, diluted by recirculated flue gases to moderate the combustion process. Two cases
are analyzed: the ready-to-convert case, a normal air-fired CFB boiler, only slightly modified to be oper-
ated with oxygen instead of air for CO2 capture, and a more general option, an entirely new design,
employing high oxygen concentration in the input to the oxy-fuel CFB boiler. It is found that at a given
fuel load, the relevant parameters for maintaining the CFB performance (bed temperature and fluidiza-
tion velocity) in the ready-to-convert case cannot be kept entirely equal to those in the air-fired case,
and some compromise has to be found. The new-design case results in a smaller boiler than that of
the comparable air-fired case, depending on the oxygen concentration and the corresponding flue-gas
recirculation. This case is expected to contribute favorably to reduction of the cost of CO2 removal.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In oxy-fuel combustion it is proposed to substitute air by
oxygen in boilers to avoid dilution of the flue gases with nitrogen
in order to facilitate CO2 handling for deposition. So far, most
investigations in this area have been related to pulverized-coal
(PC) combustion [1–3], where even pilot plants have been operated
[4]. Some work has also been done for circulating fluidized bed
(CFB) boilers by the major manufacturers [5–7], and a rather large
test facility has been put into operation [8].

To avoid using pure oxygen in the combustion chamber, the
oxygen injected is diluted by recirculated flue gas, predominantly
consisting of CO2 and H2O. There are several options. The first
one uses the same amount of recirculated flue gas as would be
needed to substitute the nitrogen present in the flue gas during
air operation with oxygen in an existing boiler, or a new boiler is
built, designed for air-combustion to be operated eventually with

oxygen. The two variants of this approach are called the ‘‘retrofit’’
case or the ‘‘ready-to-convert’’ case. The other alternative, so far lit-
tle studied, is the ‘‘new-design’’ case, where the inlet oxygen con-
centration is the parameter to be chosen and the boiler is designed
accordingly. A major difference between the PC and CFB applica-
tions is that the flame temperature in a PC boiler will rise with
the oxygen concentration, and boilers of the ‘‘new-design’’ type
will encounter situations that differ essentially from the ‘‘retrofit’’
case, whereas in a CFB boiler the bed material serves as a modera-
tor that maintains the combustion temperature and transports the
heat to heat transfer surfaces. Another difference is that PC boilers
are already developed since some decades, whereas CFB is still
under development, implying a gradual rise in capacity to attain
the size needed to compete economically with PC as electric utility
boilers. Progress is being made in this respect, and a large CFB boi-
ler (460 MWe) was built in Poland just a few years ago [9] and a
600 MWe boiler was recently put into operation in China [10].
Already in this size range (300–600 MWe), now offered by the
major manufacturers, CFB is large enough to be a suitable candi-
date for CO2 reduction by oxy-combustion.
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The conditions for oxy-fuel combustion in PC boilers have been
studied for some time. An early work [11] determined the flue gas
recirculation required to substitute nitrogen in air combustion.
Later several studies have been made with flue-gas recirculation
e.g. [12] identifying the O2 fraction in the entrance of the burners
yielding the same adiabatic temperature as in air combustion
(the volume fractions obtained were 0.28 for wet and 0.35 for
dry flue gas recirculation at 3.3% O2 in the exit gas). It was men-
tioned that such identification between air and oxy-firing is an
invalid design criterion due to differences in radiative heat transfer
in an N2 and a CO2 dominated (PC) furnace. The impact of the sub-
stitution of air with oxygen in CFB has not been studied so much,
but a few work can be mentioned [13–16]. Still, an explicit analysis
is needed, focusing on the performance of a CFB boiler. This is the
purpose of the present study where two different cases are ana-
lyzed to understand the conditions for CO2 capture: a situation
when an air-fired CFB boiler is built prepared for conversion to
CO2 capture, the ‘‘ready-to-convert’’ case, and a ‘‘new-design’’ case
where a new boiler is built particularly for CO2 capture. The study
attempts to catch the essential features of an oxy-fuel installation,
and obvious simplifications are made to facilitate the understand-
ing of these features rather than engaging in details of secondary
importance. It is also assumed that despite the disregard of a
detailed description of local processes, such as heat balance on
char particles, these do not prevent from treating the global
conditions as they are studied here.

2. Model development

2.1. General description

Fig. 1 shows the configuration of a CFB boiler and the related
flue-gas recirculation system, similar to that of a PC boiler.
Theoretically, the three recirculation options shown in the sketch
(dirty, wet, and dry recirculation) are possible, but material and
species accumulate as a consequence of recirculation, and the dirty
option can be ruled out because of anticipated high particle
loading: some type of particle separator will be necessary in all
systems. It is more uncertain to decide a priori whether to employ

Nomenclature

Symbols
A cross section (not considering tapering unless explicitly

stated), m2

a quantity of ashes in the fuel as delivered, kg/kg fuel
b combustible content in the fuel as delivered, kg/kg fuel
cp mean specific heat at constant pressure in the range of

DT, kJ/kg, K
c carbon content in the combustible part of fuel, –
F feed rate of dry and ash-free fuel, kg/s
G vertical particle flux, kg/m2, s
g specific gas quantity, kmol/kg, kg/kg, m3/kg combusti-

bles
h height of combustion chamber, m
h hydrogen content in the combustible part of fuel, –
H heating value related to dry and ash-free fuel, kJ/kg
HH2O heat of evaporation of water, kJ/kg
‘ stoichiometric oxygen demand, kg/kg combustible,

kmol/kg or m3/kg
M molecular mass, kmol/kg
mCO2 ;se mass flow rate of CO2 fed to fluidize the seal and exter-

nal heat exchangers, kg/s
mCO2 ;sorb;max maximum mass flow rate of the CO2 that could be

adsorbed by the sorbent, kg/s
o oxygen content in the combustible part of the fuel, –
P pressure, Pa, bar
Qgas heating of fuel and gas, kW
Qinternal total quantity of heat absorbed in the furnace to main-

tain bed temperature, kW
Qext quantity of heat absorbed in the external particle loop,

kW
s sulphur content in the combustible part of the fuel, –
T temperature, �C
DT temperature difference, degrees
u fluidization velocity, m/s
V furnace volume, m3

w moisture content in the fuel as delivered, kg/kg fuel
x specific mass fraction, mass of the gas component, kg/kg

flue gas
y volume concentration, –
q density, kg/m3

k global stoichiometric ratio, –
k0 internal stoichiometric ratio, –

Indices
air air-firing, refers to the case of air-firing, not necessarily

to air as such
b bed
c carbon
cw condensed water
oxy oxy-firing, N2 replaced by CO2

u lower (heating value)
ext external
g gas
H2 hydrogen
in entering
j stream
k gas components, species
mass based on mass
mix mixture
N2 nitrogen
o initial, environmental, stoichiometric, standard
O2 oxygen
out leaving the combustion chamber
r recirculation
s solids, sulphur
se loop seal + fluidized bed heat exchanger
sorb sorbent, lime
total oxygen + nitrogen
vol based on volume
DT temperature difference

Fig. 1. Boiler with oxygen supply and several options of flue-gas recirculation.
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