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Abstract. This study aims at assessing through modeling and CFD simulations (Computational Fluid Dynamics) the
behavior of the co-combustion of coal and biomass in a thermal power plant designed for coal as fuel. The simulations
are conducted in 1:1 scale. In this context, the influence of the biomass particles size on the burning efficiency and on
the pollutant and CO, emissions were evaluated. Velocity, temperature, pressure and concentration fields inside the
boiler were numerically determined using the commercial software Ansys CFX 15.0. Numerical simulations were carried
out for six different sizes for the biomass particles and all cases were then compared with a base case using only coal. It
is considered for the six cases that the biomass in the mixture has the proportion of 1.74% of the mass flow of fuel, with
6% moisture by weight. For coal, it is considered a moisture of 16.47% in mass, and a parametric distribution of particle
size. The main result observed was a reduction in emissions of CO and CO,, from the implementation of co-combustion
of coal with biomass. One can also observe a boiler temperature rise directly proportional to the increase in diameter
of the biomass particles, and for Case 3 (300 um), the temperature profile inside the boiler is similar to that shown when
only coal is used as fuel.
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1. INTRODUCTION

Coal is the main fossil fuel available and is responsible for approximately 27% of commercial production of world
primary energy. Approximately 34% of all electricity generated in the world comes from the pulverized coal combustion
(Williams et al., 2001). However, this method of electricity generation presents high rates of air pollutant emissions, such
as carbon monoxide and dioxide (CO and COy), and nitrogen and sulfur oxides (NOx and SOx). The increase of thermal
power plants efficiency worldwide would result in a significant reduction of CO, emissions and increase the lifetime of
coal reserves. In addiction, the conversion of coal power plants to co-firing with biomass would have an even greater
effect on reducing emissions of greenhouse gases, with a low investment (Dong et al., 2010), also resulting in longer life
of coal reserves (Williams et al., 2001).

Co-combustion of pulverized coal with biomass in thermal power plants has been advocated for years considering its
economic and environmental advantages. This is mainly due to reduced emissions of pollutants such as CO», or avoided
emissions when replacing part of the coal for biomass, which has zero net emission of carbon dioxide. For this reason its
use is gradually increasing. Currently, in the UK, a substantial amount of electricity is generated by this way in large
thermal power plants that have adopted the addition of small amounts of biomass, around 2-4% in thermal base.
(Backreedy et al., 2005). Currently, there are many studies on coal-biomass combustion in the literature.

Wurzenberger et al. (2002) showed a transient model of a single particle in bed combustion. First, pyrolysis has been
described by independent parallel reactions. Then cracking of tar, homogeneous reactions of gas and heterogeneous
reactions of char were described. The validation of the particulate combustion model was performed using experimental
data on spherical particles of beech wood. In another study, Porteiro et al. (2006) reported the use of a mathematical
model which describes the thermal conversion of biomass particles. Biomass pyrolysis was modeled using three
concurrent reactions that produce light gas, tar and char. In their work the following additional kinetics were considered:
char combustion producing carbon monoxide and carbon dioxide and combustion of hydrogen on the particle surface
(cylindrical briquettes). The validation was done using a mass loss model. In another study, Backreedy et al. (2006)
showed chemical models applicable to the study of coal combustion processes. Modeling of NOx formation is
characterized as a three-way process, which is typically simplified as NO-fuel, NO thermal and NO-prompt. Ma et al.
(2007) developed a CFD model for pulverized coal-biomass combustion in a boiler and presented results for the
combustion of wood in a typical installation of industrial tests of 1 MW. The model is essentially based on sub-models
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for coal combustion using an Eulerian-Lagrangian framework. Numerical predictions were compared with some
experimental measurements and a good agreement was reached.

The particle combustion model presented by Lu et al. (2008) considers drying, devolatization, gasification and char
oxidation and combustion. The Shafizadeh and Chin (1977) kinetic scheme for the decomposition of biomass was used,
assuming the biomass decomposition into light gases, tar and char by three parallel reactions. Tar is submitted to
subsequent reactions producing char and volatile gases. Heterogeneous reactions were modeled by accounting for
gasification and oxidation of char with water vapor and carbon dioxide. Gaseous reactions considered were the gas phase
oxidation of hydrogen, carbon monoxide and a cluster of hydrocarbons represented by the empirical formula C¢Hg,20¢ 2.
Validation of the model was made by comparison with experimental data. Yang et al. (2008) conducted a two-dimensional
simulation on a single cylindrical wood particle. The sub-processes studied were very similar to those used by Lu et al.
(2008), but different schemes were implemented to achieve the particle conversion chemistry.

Yin et al. (2010) presented a model for co-combustion of coal-wheat straw in a 150 kW stabilized spiral reactor with
dual feeding. The model allowed for the prediction of mass, temperature, density and particle size variation along their
routes. On the same line, Gil et al. (2010) studied the co-combustion of Pinnus sawdust in a non-isothermal
thermogravimetric method. Their results showed that the first order reaction is the most effective mechanism for the first
step of the biomass oxidation and coal combustion. It was found that the mixture of both, timber and solid waste, improve
the devolatization of coal. Wood and coal interact significantly, with the reactivity being improved by the mixture.

In another study, Haseli et al. (2011) presented a detailed one-dimensional model for the combustion of a single
particle of biomass and evaluated the accuracy of that model at different process conditions. The pyrolysis kinetic model
used assumes that the raw biomass decomposes in light gases, tar (including heavy gases) and char through three
concurrent reaction pathways. Reaction rates are determined by the Arrhenius equation.

Recently, Gubba et al. (2012) investigated through CFD modeling the co-combustion of pulverized coal and wheat
straw in a 300 MW tangentially burning boiler for two thermal loads that have been studied experimentally. Wheat straw
loads of 6% and 12% in mass flow were tested. The simulations showed agreement with experimental data.

The objective of present study is to numerically evaluate the influence of biomass particles size on the burning
efficiency and on the emission of CO and CO,, of an approximately 320 MW boiler that operates originally with
pulverized coal. The CFD simulations were carried out using commercial software Ansys CFX 15.0 (Ansys Inc., 2011).

2. MATHEMATICAL MODEL
2.1 Mathematical formulation for coal combustion

The kinetic scheme for coal particles pyrolysis used in this work was proposed by Silva et al. (2010), assuming that
coal is composed of raw coal, ash and moisture. The raw coal decomposes into volatile gases and residual carbon by two
devolatization concurrent reactions, according to Ubayakar et al. (1976). The methane oxidation is modeled by two overall
steps, the WD2 of Westbrok and Drier (1981). NOx formation is modeled through the NO-thermal, NO-prompt and NO-
fuel mechanisms, according to the simplifications proposed by the methodology implemented in ANSY'S - CFX (Ansys,
Inc., 2011). Complementing this formulation, the drying of coal particles model proposed by Xianchun et al. (2009) was
used. The kinetic parameters used in this reaction, namely the pre-exponential factor and the activation energy, are
respectively 4.587x10%2 s and 78.995 kJ/kmol (Xianchun et al., 2009). For the residual char, the field char oxidation
model (Ansys Inc., 2011) was adopted.

2.2 Mathematical formulation for biomass combustion

The kinetic scheme for the pyrolysis of biomass particles used in this work was proposed by Haseli et al. (2011) and
assumes that the biomass is composed of raw biomass, ash and water. The raw biomass decomposes into light gases, tar
(or heavy gases) and residual carbon through three parallel reactions. The model proposed by Bryden et al. (2002) for
drying of wood biomass particles has been implemented. The chemical reaction rates are determined by Arrhenius model,
accordingly to Ansys Inc., (2011). The kinetic constants were adopted from Di Blasi et al. (2001), accordingly to studies
by Haseli et al. (2011), since they have good results for reactor at temperatures above 1100 K. Kinetic constants for
particles drying were the same as used by Bryden et al. (2002). According to Grieco et al. (2011), the mass fraction of
light gases, tar and residual carbon generated from the raw biomass decomposition are, respectively, 17%, 62% and 21%.

2.2.1  Homogeneous Reactions

The volatile components released during the pyrolysis process may react with other components and oxygen on the
core and periphery of the particle. The mass fractions of the produced light gases depend on the heating conditions and
the type of biomass. However, for engineering applications a constant composition is generally assumed. Di Blasi et al.
(2001) propose the light gas composition to be 0.521, 0.156, 0.271, 0.021 and 0.031 for H,O, CO, CO,, CH4 and H>
respectively. For tar, an empirical simplification as CxH,O; is used. Bryden et al. (2003) analyzed the decomposition of
tar and found that its main products are CO, CO2, H,0, H,, CH4, CoHs, CoH4, C2H, and C3He. They propose a chemical
formulation represented by Cssrs Hs.a26 Oszse1, Which has an O/C ratio of 0.918 and an H/C ratio of 1.657. Further
information to describe the combustion rates of methane, hydrogen, carbon monoxide and tar can be obtained in Haseli
et al. (2011). Gasification and combustion of the residual carbon are heterogeneous reactions. The residual carbon
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gasification rates can also be obtained in Haseli et al. (2011). Gasification and combustion rate for residual carbon are
determined through the Field Char Oxidation model adopted for char, incorporating the Arrhenius constants proposed by
Hobbs et al. (1992).

2.3 Mass and species conservation

For a multicomponent fluid, scalar transport equations are solved for velocity, temperature and species mass fractions.
The bulk motion of the fluid is modeled using single velocity, pressure, temperature and turbulence fields. The influence
of the multiple components is felt only through property variation due to changes in composition. Each component has its
own equation for mass conservation. After Favre-averaging the species conservation equation can be expressed in tensor
notation as
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where 4, is the turbulent viscosity, Sc, is the turbulent Schmidt number, S; is the source term for component i which

includes the effects of chemical reactions, D, is the mass diffusivity, ; is the average density, X is the spatial coordinate,

U ; is the vector of velocity and the mass fraction of component i was defined asy; :éi /IZ Note that the sum of
component mass fractions over all components is equal to one.

2.4 Momentum conservation
For the fluid flow the momentum conservation equations are given by:
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where u,, = u+ p,, pis the mixture dynamic molecular viscosity and x4 =C,p k?/& is the turbulent viscosity. The
term p = p-(2/3)k is the modified pressure, C, = 0.09 is an empirical constant of the turbulence model, p is the
time-averaged pressure of the gaseous mixture, and ¢ is the Kronecker delta function. S, is the source term, introduced

to model the buoyancy and drag force due to the transportation particles, and other mathematical terms due to turbulence
models. The Boussinesq model was used to represent the buoyancy force due to density variations. The k-@ model was
used to model the turbulence on the flow (Wilcox, 1988).

2.5  Energy conservation
The energy equation can be written as
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where '|: , h and c, are the average temperature, enthalpy and specific heat of the mixture, Cpi and \?i are the specific
heat and the average mass fraction of the i-th chemical species, «is the thermal conductivity of the mixture, Pr, is the

turbulent Prandtl number, and §rad, §rea and St represent the sources of thermal energy due to the radiative transfer, the
chemical reactions and sink our source of energy. The term Srea can be written as:
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where h° and f,ef,i are the formation enthalpy and the reference temperature of the i-th chemical species. To complete
the model, the density of mixture can be obtained from the ideal gas state equation (Kuo, 1996; Turns, 2000),

-~ 1 - - - - . Y
p= pW(ﬁTj , where p is the combustion chamber operational pressure, which is here set equal to 1 atm, and MM

is the mixture molecular mass. The aforementioned equations are valid only in the turbulent core, where 4, >> 4. Close
to the wall, the conventional wall logarithmic law is used (Nikuradse, 1933).
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For thermal radiation exchanges inside the combustion chamber, the Discrete Transfer Radiation Model (DTRM) was
employed, considering isotropic scattering. The effect of the wavelength on gaseous phase was considered by WSGG
model, using the coefficients obtained by Dorigon (2013). The WSGG model coefficients employed in this work were
those for partial pressures of 0.1 atm and 0.2 atm for CO; and H,O, respectively, being those values commonly considered
for methane-air combustion, while the major species, N2, is considered transparent to radiation. The radiative properties
required for the particles are the absorption coefficients and scattering phase function, which depend on the particle
concentration, size distribution, as well as effective complex refractive indices. However, optical properties of coal are
not well characterized (Asotani et al., 2008). The particles were assumed as spherical and homogeneous. In this work, the
heat transfer from gas mixture to particle considers that the particles are opaque bodies with emissivity equal to one
(blackbodies), and the Hanz-Marshall correlation was used to model the heat transfer coupling between the gas mixture
flow and the particles (Ansys Inc., 2004). In fact, heat transfer to the walls in coal combustion process is mainly due to
radiation and the convective heat transfer has only a minor contribution (Xu et al., 2000).

2.6 The E-A (Eddy Breakup — Arrhenius) chemical reactions model

The reduced chemical reactions model employed in this work assumes finite rate reactions and a steady state turbulent
process to volatiles combustion. In addition, it was considered that the combined pre-mixed and non-premixed oxidation
occurs in two global chemical reaction steps, and involving only ten species: Oz, CHa, Hz, H20, Tar (Cs.s7sH6.42603.561),
HCN, HCO, NOx, CO; e CO. Thus, one has the conservation equation for the i-th chemical species, given by Eq. (3),
where the source term, S,, considers the average volumetric rate of formation or destruction of the i-th chemical species

in all chemical reactions. This term is computed from the summation of the volumetric rates of formation or destruction
in all the k -th reaction where the i-th species is present, R, . Thus, R =Y R, . A combined Arrhenius-Magnussen
k

model, the EBU-Arrhenius (Eaton et al., 1999), was used to obtain this rate.
3. MODEL VALIDATION

For verification purposes, the model developed in the present work was applied to the study case presented by Gu et
al. (2010) which consists in burning coal in a simple geometry such as a tuyere (injector and burner of coal-oxidizer used
in industrial furnaces), a device used to inject and burn coal in steel furnaces, Fig. 1. Comparing the results in Fig. 1a and
1-b, and 1c and 1-d, it can be observed that the two cases show similar velocity and temperature fields. The same modeling
developed in this study was also applied to the case shown by Silva et al. (2010), obtaining similar results.
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Figure 1: Temperature and velocity fields obtained from this modeling (b, d) and the results of Gu et al. (2010) (a, c).

4. PHYSICAL MODEL

The boiler in question is part of a 160 MW thermal power plant that uses pulverized coal. The combustion chamber
has a square cross section of approximately 11 m and a height of approximately 53 m. The boiler operates through four
tangential firing burners located on each corner of the combustion chamber with an inclination of 15° to the horizontal
direction. Fig. 2 (c-d) shows the general arrangement of the burner and the horizontal boiler cross section.
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5. GRID COMPUTING

The discretization within the boiler is performed with the implementation of tetrahedral volumes and prismatic
volumes near the chamber walls. Figures 2-c and 2-d shows the geometry and the generated mesh in front view and in
perspective. Grid independency tests were carried out among five grid systems with 0.9 million, 1.3 million, 1.5 million,
2.6 million, and 3.1 million elements. The mesh selected has around 1.5 million elements of different sizes, using mesh
refinement in the reactive regions near the burners in a function of computational costs.
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Figure 2. Mesh used in modeling: (a) perspective view and (b) cross section view (Silva et al., 2010); and geometry: (c)
general arrangement of the boiler components and (d) horizontal boiler cross section (Silva et al., 2010).

6. BOUNDARY CONDITIONS

Boundary conditions and boiler design data were obtained from Silva et al. (2010), which evaluated the combustion
of pure coal. The walls of the boiler, covered with steel tubes, were modeled as crude steel with a fixed temperature of
673 K, this being due to the saturation temperature of the water at the boiler working pressure. Thermal emissivity of the
walls was assumed to be 0.9. Air flow, coal and biomass entering the combustion chamber by the burners were set as
entry conditions: the mass flow rate of primary and secondary combustion air is 77.57 kg/s and 98.72 kg/s, respectively;
pulverized coal and biomass mass flow rates are 47.50 kg/s and 0.84 kg/s, respectively. These values were obtained from
Silva et al. (2010) via mass and energy balances (fuel and combustion air) on the boiler, considering a reduction of
approximately 5% on coal flow for the inclusion of biomass, keeping the same thermal load provided for the boiler, about
320 MW. The lower heating value of coal and biomass used is 10301 kJ/kg and 14267.6 kJ/kg, respectively. The
temperature of the primary air and coal with biomass is 542 K; the temperature of the secondary air is 600 K.

Pulverized coal particles size was modeled by probabilistic Rosin-Rammler distribution (Brown, 1995) and limited
between 50 and 200 um. Coal type CE 3100 and biomass of wood were used. The chemical composition and mass fraction
of primary components of coal and wood due to the variation of moisture content is presented in Tab. 1.

Table 1. Chemical composition of coal CE 3100 and wood biomass.

Chemical species Coal CE 3100 concentration (%) (Silva et al., 2010) | \Wood biomass concentration (%) (Mehrabian et al., 2012)
Primary components DRY BASES WET BASES DRY BASES WET BASES
Humidity 0 16.47 0 6

Raw coal 45.22 37.77 99.5 93.52
Ash 54.78 45.76 0.5 0.48
Mass fraction

Humidity 0 16.47 0 6
Residual carbon 33.21 27.74 48.1 45.21
Ash 54.78 45.76 0.5 0.48
Oxigen 7.92 6.62 45.53 42.8
Hydrogen 2.34 1.95 5.77 5.42
Sulfur 1.14 0.95 - -
Nitrogen 0.61 0.51 0.1 0.09

A pressure of -400 Pa was prescribed at the outlet of the modeled domain, based on the operating data. In order to
evaluate the influence of the particle size on biomass co-firing, six case studies were considered and compared with a case
of pure coal burning (base case) on the same operating conditions presented in Silva et al. (2010), although taking into
account a model for drying the coal particles. The cases considered respectively the following sizes of biomass particles:
Case 1 - 100 um; Case 2 - 200 um, Case 3 - 300 um, Case 4 - 400 um, Case 5 - 500 zm and Case 6 - 1000 zm.

7. RESULTS

The convergence criterion RMS - Root Mean Square was adopted, with values below 1x10 for all model variables.
Fig. 3 shows temperature profiles on a vertical plane orthogonal to the boiler, for four of the six simulated cases, as well
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as a temperature profile for the base case. Temperature profiles for cases 5 and 6 did not show large variations in relation
to other cases and are not presented.

In Fig. 3 one can see that there was a general decrease in the temperatures values in the boiler when the co-combustion
of coal with biomass is implemented, which, according Gubba et al. (2012), occurs due to the wood higher reactivity than
the coal. Consequently, the devolatilization begins at a lower temperature, leading to a faster burning. Tab. 2 shows an
average of the variables of interest in the domain output region for the six case studied, and compares these data with the
burning of coal without biomass.

Temperature
Plane 1

. 1.950e+003 "

1.595e+003

1

1.240e+003

8.850e+002

(K]

5.300e+002

ok As
-
sk an
LA AL
ah an

(Coal)

(CASE 1) (CASE 2) (CASE 3) (CASE 4)

Figure 3. Temperature profile in a vertical transverse plane in the combustion chamber: (a) base case; (b) case 1 —100 pum;
(c) case 2 - 200 pm; (d) case 3 - 300 um and (e) case 4 - 400 pum.

Table 2. Average of variables in the boiler output region.

Base Case Case 1100 pm Case 2 — 200 pm Case 3 -300 pm Case 4 — 400 ym Case 5 —500 pm Case 6 — 1000 pm
CHa [ppm] 0.1039 0.0701 0.0682 0.0684 0.0684 0.0683 0.0681
CO [ppm] 0.7187 0.8890 0.7340 0.6990 0.6822 0.727 0.6516
Tar [ppm] - 5.21x10°% 1.08 x 10* 8.21 x 10 2.89x10° 2.27x10° 1.11 x 10
H2 [ppm] - 7.41x10% 1.52 x 10* 1.39x 10* 1.41x10* 1.42 x 10* 1.44 x 104
CO2 [%] 20.95 20.84 20.73 20.72 20.71 20.71 20.71
H20 [%] 9.14 8.89 8.88 8.89 8.89 8.89 8.89
N2[%] 66.71 66.89 66.91 66.91 66.91 66.91 66.91
02[%] 3.15 3.35 3.43 3.44 3.44 3.45 3.45
Gas mass flow in the boiler 204.03 200.35 200.29 200.30 200.30 200.29 200.29
output [kg/s] )
Temperature [K] 875.1 8223 839,4 845.2 848.0 849.5 853.0

Table 2 shows a slight reduction in CO, and H2O emissions after the implementation of co-combustion in relation to
the base case. The reduction in H,O emissions is justified by the fact that the moisture content of coal is higher than that
of biomass. Consequently the base case has a greater amount of water in the process and thus greater amount of H,O after
combustion. Biomass has a lower proportion of carbon than coal in its chemical composition, which may explain the
reduction in CO, emissions. An increase in CO emissions in cases 1 and 2 was obtained, compared to the base case,
implying that for biomass particle sizes less than 300 um burning efficiency is decreased. From case 3 until case 6 it
appears that CO emissions are lower than in the base case. It can be seen in Tab. 6 that CH4 emissions decrease with
inclusion of biomass. They also decrease with increasing the size of biomass particles until 200 pm, have a slight increase
for biomass particle sizes between 200 and 400 um and decrease in cases with particle sizes larger than 400 pum. With
increasing particle size, tar and H, emissions decrease until case 3 (300 um), increasing again from this. The increase in
the amount of O; emitted for coal-biomass cases may be related to the fact that the biomass has a significant amount of
oxygen in its own chemical composition.

Comparing the six cases, all variables show a small variation, except the temperature which gradually increases with
increasing the size of biomass particles, with a considerable variation until case 3, and from this the average temperature
at the output is no longer significant. It is observed that for coal-biomass co-firing, CO, formation rate is slightly smaller
if compared to the base case, meaning that the burning efficiency is not impaired. Indeed, as shown in Tab. 2, there was
a decrease of unburned fuel emissions.

Table 3 shows the average heat flux at the combustion chamber walls for the base case and the six cases studied. There
is a decrease in heat flux t with biomass inclusion. Nevertheless, comparing only the heat flux for the cases with biomass,
there is a significant increase with the increase in the biomass particles size.
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Table 3. Heat flux trough the combustion chamber walls.

Heat flux trough [ Base Case | Case 1-100 um | Case 2-200um | Case 3-300um | Case 4-400um | Case 5-500um | Case 6-1000um
chamber walls[kW/m?] [ 120.41 [ 95.75 | 10854 | 112.46 | 11423 | 11525 | 117.42

It appears that there is no wide variation among the presented cases. In order to better identify the differences between
cases, Fig. 4 shows the temperature profile in the axial symmetry line for the base case (burning coal only) and the other
six cases analyzed (coal-biomass). A temperature rise directly proportional to increase in size of the biomass particles is
observed, the case 6 profile showing temperatures nearest to the base case ones.

1800 - g,
1700 Y —a . —=—CASE1
1600 - e u A «— CASE2
60 N —«—CASE3
—+—CASE4
N CASES

CASE6

Temperature [K]
bR e
3 w -
o o [=]
o o o

=

1100 - o
7
1000 -

)
900 -| N

=

80 +—r——or—r—r—— - f

0 4 8 12 16 20 24 28 32 36 40 44 48 52
Boiler height [m]

Figure 4. Temperature profiles in relation to boiler height in the axial symmetry line.

According to the analysis performed it seems possible the implementation of co-combustion of biomass as an
alternative fuel for this boiler, which originally operates burning only coal. Case 3 shows a temperature profile and heat
transfer rate at the walls of the boiler near the normal operating conditions. It may leads to a possible decrease in the
steam generation because the heat transfer rate at the walls is, in fact, slightly lower than the basic case. Case 3 also
presents lower emissions of CO, CO; and CH4 compared to the base case, as can be seen in Tab. 2, and this shows an
improvement in burning efficiency for coal-biomass mixture as a whole. Case 3 shows also smaller amount of H,
emissions in relation to other cases evaluated.

Variations in properties for an increase in the biomass particle size in cases 4, 5 and 6 were evaluated and the results
in terms of temperature field, mean temperature at outlet and heat transfer rate at the boiler walls, are increasingly closer
to the boiler operating conditions when using only coal as fuel. Meanwhile the emission of unburned CO and CHg (but
not Hy), decrease with increasing the size of biomass particles, which would justify the use of larger biomass particles.
However, biomass particles with larger sizes (for the speed conditions of the primary air flow considered in this analysis)
have more momentum and eventually collide with the walls of the equipment and fall to the bottom of boiler without
having been burned completely.

8. CONCLUSIONS

At the end of this study, it can be conclude, from the thermodynamic point of view, that it is possible to implement
the co-combustion process using coal and biomass in present equipment, within the boundary conditions considered in
this analysis. The case 3, with sizes of biomass particles fixed at 300 um, seems to .provide the best operational conditions.
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