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a b s t r a c t

A novel reactor reproducing PCB (pulverized coal boiler) environment was used to evaluate the potential
of sorbent co-firing and waste co-combustion as cheap retrofitting techniques to reduce SO2 emissions of
existing boiler. Several co-feeding tests of coal and CaCO3 and coal and Ca(OH)2 have been performed for
a gas residence time around 0.5 s (4 times shorter than PCB). Results show sulfur emission reduction up
to 18% with Ca(OH)2 injection, and up to 20% with limestone for a Ca/S ratio of 2. Co-firing of a 20%
thermal share of a waste derived fuel called ReEF™, led to SO2 emissions reduction of around 20%. Co-
firing of this ReEF™ led also to HCl emissions of more than 20 ppm due to the PVC content of the ReEF™.

In order to describe the gas and particles evolution along the reactor height, a model combining almost
30 kinetic reactions from the literature and without any fitting parameters was developed. The model
shows that the ReEF™ particles had higher residence time in the furnace than coal and sorbent particles.
For the temperature and air injection pattern tested, the model accurately predicted the emissions
measured at the exit of the reactor for all the feed compositions.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The use of coal, which currently provides 40% of the world's
electricity needs, has never stopped increasing and the forecasts
indicate that, unless a dramatic policy action occurs, this trend is
expected to continue in the future [1]. In the United States, for
example, more than 30% of the electricity is produced from coal
power plants. The great majority of those power plants use PCB
(pulverized coal boilers), which were mostly built in the 1980's [2].
Due to the coal's intrinsic sulfur content, coal combustion is a major
source of SO2 emissions, which are greatly damageable for the
environment as they can cause acid rain and fine particles
emissions.

Up to date, different desulfurization technologies are commer-
cially available, varying in complexity, effectiveness and cost. The
most commonly used is wet scrubbing with a SO2 removal effi-
ciency above 95%, but it presents serious problems of waste ma-
terial disposal and high investment and operating cost [3,4]. Co-
firing of coal and sorbent could be an affordable alternative [5];
its efficiency is up to 40%, or higher, while the investments are
much lower: sorbent blending costs, compared with wet scrubbers,

are only of about 15% for the entire installation [3]. Due to its large
availability and its low cost, the sorbent generally considered for
co-firing is limestone (CaCO3), which reacts with SO2 to produce
CaSO4. At high temperature, CaCO3 decomposes into calcium oxide
and carbon dioxide through a process called calcination [6]:

CaCO3/CaOþ CO2 (1)

Calcination produces highly porous particles of CaO: the molar
volume of CaCO3 is around 36.9 cm3/mol and that of CaO is around
16.9 cm3/mol [7] and since the particle size is not affected by
calcination, this can only mean increased pore sizes [8]. The cal-
cium oxide formed can then interact with SO2 to form calcium
sulfate [6]:

CaOþ SO2 þ 0:5 O2/CaSO4 (2)

Since the molar volume of CaSO4 is around 46 cm3/mol [7], the
sorbent particles experience loss of porosity and pore blockage as
the sulfurization reaction proceeds [9].

Ordinary limestone used at a Ca/S ratio of 2e3 yields SO2

reduction efficiencies of 70e90% in fluidized-bed combustors with
furnace temperature of 800e1000 �C; but they give a lower SO2

reduction efficiency of 25e50% in PCB at 1000e1600 �C [10]. The
higher contact time between gas and sorbent and the lower tem-
perature associated with a lesser extent of sintering in fluidized bed
boilers allows higher SO2 reduction. Furthermore, the sulfurization

* Corresponding author. Tel.: þ1 514 340 47 11x4034.
E-mail addresses: odile.vekemans@polymtl.ca (O. Vekemans), jamal.chaouki@

polymtl.ca (J. Chaouki).

Contents lists available at ScienceDirect

Energy

journal homepage: www.elsevier .com/locate/energy

http://dx.doi.org/10.1016/j.energy.2015.11.026
0360-5442/© 2015 Elsevier Ltd. All rights reserved.

Energy 94 (2016) 742e754

Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:odile.vekemans@polymtl.ca
mailto:jamal.chaouki@polymtl.ca
mailto:jamal.chaouki@polymtl.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.energy.2015.11.026&domain=pdf
www.sciencedirect.com/science/journal/03605442
http://www.elsevier.com/locate/energy
http://dx.doi.org/10.1016/j.energy.2015.11.026
http://dx.doi.org/10.1016/j.energy.2015.11.026
http://dx.doi.org/10.1016/j.energy.2015.11.026


product CaSO4 scarcely decomposes below 1050 �C and only gives
decomposition percentage of 13 wt% at 1150 �C. However, it in-
creases to 57 wt% at 1200 �C and reaches 96 wt% at 1300 �C [5].
CaSO4 may therefore decompose significantly in the high temper-
ature regions of pulverized coal boilers.

They areways to improve sulfur capture efficiency of sorbent co-
firing while minimizing the amount of sorbent injected in the
boiler. One of them is to tailor the sorbent injection so that it is
injected at lower temperature [11]. Another is to use hydrated lime
which is perceived to be more reactive towards SO2 due to the
increased surface area and porosity of its calcinations product [12].

Sorbent injection has been studied for many years. However a
largemajority of the studieswere performed in absence of coal,with
a gas flow simulating typical combustion atmosphere [13e19] and/
or at uniform temperature [13e21]. These conditions are satisfac-
tory for the study of the sulfation kinetics, but they are not repre-
sentative of real PCB environments; where the SO2 capture can vary
with the concentration and temperature gradients as well as with
potential interactions between sorbent particles and coal ashes.

Similarly to coal blending, another solution to reduce SO2
emissions is to partially substitute coal with waste-derived fuel, as
non-recyclable MSW (municipal solid wastes) are readily available.
Since MSWgenerally contain a biogenic fraction, waste derived fuel
are considered partially renewable and their combustion partially
CO2 neutral [22]. Furthermore, their very low sulfur content en-
sures, when co-fired with fossil fuels in existing boiler, lower SO2
emissions [23]. Co-firing of waste derived fuel in existing power
plant is also sound from the point of view of waste utilization

efficiency, as the electricity efficiency of existing coal power plant is
more than 40% [2], while that of MSW incinerator is limited to
13e24% by incombustible and water [24]. Depending on the waste
source and the production scheme, several types of waste derived
fuel are defined: RDF (refuse derived fuel), SRF (solid recovered
fuel) and EF (engineered fuel).

In the literature, few co-combustion studies of coal andWDF in a
PCB environment have been reported. The co-combustion ratios
tested generally vary between 2%th and 25%th [25e29]. A small
decrease to no effect at all on NOx and SO2 are reported and only
one study reports an increase in HCl emissions, while all of them
see no difference in the carbon content of the ashes. Furthermore,
only one study modeling the global combustion behavior of SRF
and coal in a PCB was found, but their model was not verified with
experimental data [30].

In this study, SO2 emissions obtained by co-combustion of an
Engineered Fuel developed by the company Accordant Energy is
compared to SO2 emissions obtained by CaCO3 and Ca(OH)2 co-
feeding in a novel reactor reproducing the combustion environ-
ment of a PCB. SO2 emissions variations with injection temperature
and air feeding pattern, more precisely air staging or OFA (over fire
air), a widely used method to reduce NOx emissions in PCB, are
evaluated. The flame temperature and the air feeding pattern are
both characteristics that change from one boiler to another and
need to be studied to ensure robustness of the SO2 emissions
reduction methods proposed. Finally, in order to describe the
combustion behavior of the different species in the combustion
chamber, a model is developed. This model is build from kinetic

Nomenclature

ai stoichiometric coefficient (moli/gcoal,daf)
A pre-exponential constant (variable)
Ac, As total external surface area of char and soot particles per

reactor m3 (m2/m3)
ai,j stoichiometric coefficient of species i in reaction j (�)
bi,j stoichiometric coefficient of i produced by

devolatilization of coal j (moli/gcoal,daf)
cpi thermal capacity (J/kg K)
Ci concentration (mol/m3)
Ci,wt mass concentration (g/m3)
Cdi drag coefficient (�)
Ctot total concentration of the gas phase (mol/m3)
dpi particle diameter (m)
Di diffusion coefficient (m2/s)
Dhdecm heat of decomposition (J/g)
Dhmeltm heat of melting (J/g)
DQm heat flux (W/m2)
E activation energy (J/mol)
εi emissivity (�)
Fi molar flow rate (mol/s)
h effectiveness factor of sulfurization (�)
g acceleration of gravity (9.81 m/s2)
g empirical coefficient (g/mol)
hi heat transfer coefficient (W/m2 K)
ki thermal conductivity (W/m K)
K kinetic coefficient (variable)
Mi molar mass (g/mol)
mi viscosity (Pa s)
Np flow rate of particles (s�1)
p pressure (Pa)
pi partial pressure (Pa)

p1 �a 5 polynomial coefficients (variable)
4 mechanism factor (�)
F step function (�)
rj reaction rate (mol/m3 s or g/m3 s)
R ideal gas constant (8.31 J/mol K)
ri density (kg/m3)
Sf reactor transversal surface area (m2)
Sac, Sas total external surface area per unit mass of char or soot

particles (m2/g)
s StefaneBoltzmann constant (5.67 � 10�8 W/m2 K4)
Tg gas temperature (K)
Tpi particle temperature (K)
Ui superficial velocity (m/s)
Vj product yield (g/gf)
V*
j ultimate product yield (g/gf)

Wi,0 initial mass flow rate (g/s)
ucoalj reference coal composition in terms of C, H and O (�)
xi,j mass fraction of i in j (�)
yi mole fraction of i in the gas phase (�)
z reactor height (m)

Sub-/superscripts
0 initial
c coal
d diffusion layer
f fiber
g gas
h hard plastic
m plastic (either h or s)
p particle
s soft plastic
wt mass
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