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ABSTRACT
Torrefied (thermally treated) biomass and pyrolysis oil are examples of processed,
energy dense biofuels that might be utilized in energy production instead of fossil
sources. Computational fluid dynamics code Fluent equipped with relevant user-defined
sub-models was applied to simulate co-combustion of these supplementary fuels and
coal in a full scale pulverized coal fired furnace with a capacity of 275 MWfuel. Biofuel
shares up to 40 % by energy were considered. Changes in combustion process (heat
transfer, burnout, NOx emissions) compared to normal coal operation were investigated
and their influence in boiler performance analysed.
According to the result there are in general no drastic changes in the furnace process,
hence utilization of the supplementary biofuels considered seems feasible from the
combustion point of view. Evaporator heat transfer is predicted to decrease slightly
especially in pyrolysis oil co-firing. Solid combustion efficiency remains at acceptable
level in all cases. Share of unburned carbon fly ash is estimated to increase in torrefied
biomass co-firing as a consequence of degrading particle fineness assuming integrated
milling of biomass and coal. However total ash flow is remarkably lower. NOx
emission reduction up to 20 % can be expected in co-firing cases with investigated
biofuel shares.
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Introduction

Various biomasses are main renewable sources of energy in combustion related energy
production. In order to extend their applicability in traditional combustion applications
such as pulverized fuel firing biomasses may be processed for e.g. better energy density,
transportability, storability and combustibility. Torrefied biomass and pyrolysis oil are
two examples of promising, refined biomass products that may play some role in energy
sector in the future as production methods develop.
In torrefaction process the raw material is treated thermally at 200-300 C in an inert
atmosphere for 10-30 minutes [1]. Biomass dries and also undergoes some thermal
conversion during treatment. The product is dry, energy densified “biocoal” that may be
pelletized for further transportation and end use.
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Pyrolysis oil is produced in the fast pyrolysis process, where biomass is rapidly heated
up for example in circulating fluidized bed reactor and pyrolysed. Product vapours are
then rapidly cooled and quenched to achieve good oil yield with char and noncondensable gases as by-products. Pyrolysis liquids have quite different properties and
composition compared to standard fuel oils therefore they need some extra care in end
use [2].
In this work computational fluid dynamics (CFD) was applied to simulate co-firing of
torrefied biomass (TF) or (pyrolysis) bio-oil (BO) with coal in a pulverized coal fired
furnace. The goal of the work was to investigate the feasibility of above mentioned fuels
to replace part of the coal from the combustion and furnace process point of view.
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Modelling approach

The commercial CFD code Fluent 12.1 equipped with VTT’s specific sub-models for
pulverized fuel and pyrolysis oil combustion was used in simulations. Relevant submodels used in simulations are listed in Table 1. Detailed model description is out of
the scope of this paper.
Table 1. Relevant CFD sub-models used in simulations

Turbulence
Radiation
Turb.-ch. interaction
Main chemistry
Fuel particles/droplets
NOx

standard kDiscrete Oirdinates, WSGGM for gas radiative properties
Eddy Dissipation Concept (VTT specific)
Global 3-step scheme with CO and H2 as intermediates
Lagrangian tracking, Fortum/VTT sub-models for pulverized
coal, torrefied biomass and pyrolysis oil
Fortum/VTT Eddy Dissipation Concept based NOx sub-model
for pulverized fuel combustion

The process simulated is a pulverized coal fired furnace of tangential firing/corner firing
type. The normal full load of the furnaces is 275 MWfuel. It is equipped with 12 low
NOx coal burners on three levels, 8 gas/oil burners on two levels below and above them
and over fire air system (OFA) for NOx control.
Computational domain consists of burners, air nozzles and the furnace itself.
Superheater region is included as far as the beginning of the 2nd pass. The volume is
divided into a mesh of 1.6 million cells for simulations. Furnace geometry and surface
mesh are presented in figure 1.
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Figure 1. Furnace geometry and surface mesh

The three fuels considered in the simulations are Russian hard coal, torrefaction product
from Finnish woody biomass (TF) and (pyrolysis) bio-oil (BO) from Finnish forest
residue. Coal and TF are pulverized together in coal mills and fed to the coal burners as
a mixture. Based on experimental milling results the coal particle fineness is assumed to
degrade as TF share increase. Pyrolysis oil is injected into the furnace through
atomizers located at each oil burner. Fuel properties used in simulations are presented in
table 1. Coal and TF particle size distributions are shown in figure 2. Bio-oil atomizer is
assumed to produce a droplet size distribution with d32 = 80 m.
Table 1. Fuel properties
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Figure 2. Particle size distributions of coal (left) and torrefied biomass (right) used in simulations.
Coal fineness degrades as TF is added to the mills. In the BO case the original coal fineness
prevails.

Co-firing was simulated with TF shares of 30 % and 50 % by weight (24% and 43% by
energy) and with the BO share of 25-% by energy. They are compared to 100% coal
combustion. As a sensitivity study the TF 50 wt-% case was also computed with the
original coal fineness e.g. presuming separate crushing of TF. Case input parameters
are collected in table 2.
Table 2. CFD case comparisson
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Results

The main observation from the simulation results is that combustion does not change
that much on a furnace scale compared to pure coal combustion especially in coal & TF
co-firing. As TF share increases the flame stability seems to fade slowly as a
consequence of larger average particle size decelerating ignition. According to the
results flame stability is however still maintained with the TF shares up to 50 % at full
burner load. At the same time evaporator heat transfer is weakened marginally and the
furnace exit gas temperature at nose level tends to rise by some 0-20 degrees. Assuming
original coal fineness in TF 50 wt-% case flame stability is excellent. Heat transfer is
even enhanced compared to pure coal firing. In bio-oil-firing there are two additional
fuel input levels in use, such that fuel distribution becomes more even. This leads to
decreased flame intensity in the main combustion zone and a bit reduced evaporator
heat transfer rate. Contours of temperature and O2 are presented in figures 3 & 4.
Evaporator heat transfer and furnace exit gas temperatures for each case are compared
in figure 5.

Coal 100 %

TF 30 wt-%

TF 50 wt-%

BO 25 %

Coal 100 %

TF 30 wt-%

TF 50 wt-%

BO 25 %

TF 50 wt-%,
fine coal
Figure 3. Contours of temperature [ C] from one diagonal section of the furnace

TF 50 wt-%,
fine coal
Figure 4. Contours of O2 [vol.-%] from one diagonal section of the furnace
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Figure 5. Predicted evaporator heat transfer and furnace exit gas temperature

Solid combustion efficiency remains at almost the same level in all co-firing cases
compared to pure coal combustion There is however a predicted rise in fly ash unburned
carbon (UBC) in TF 30% and TF 50% cases as a direct consequence of increased coal
particle size due to degrading mill performance as TF is added to the mills. Mainly coal
contributes to UBC, while TF and BO contain a lot of volatiles and only a small fraction
of ash inorganics. Additionally biomass char is quite reactive. Reduced total ash flow
explains the good combustion efficiency despite the increase in UBC. Combustion
efficiency, fly ash UBC and the simulated fly ash composition in TF 50 wt-% case are
presented in figure 6.

Figure 6. Unburned carbon in fly ash and solid combustion efficiency (left). The simulated fly ash
composition in TF 50 wt-% case (right)

In all TF co-firing cases the nose level CO concentration is predicted to be lower than in
the coal combustion case but in all but one (the fine coal case) the outlet concentration
is then higher by contrast. This difference is explained by continuing char particle
burnout in the superheater zone (contributing to higher UBC as well). In the model CO
is assumed to be the sole char oxidation product. It is however known that the share of
CO2 as a product increases with decreasing temperature. That’s why the model may not
necessarily predict the right CO trend in the upper part of the furnace and the predicted
outlet concentrations are probably too high. Contours of CO as well as the simulated
nose level and domain outlet CO concentrations are shown in figures 7 & 8.
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Coal 100 %

TF 30 wt-%

TF 50 wt-%

TF 50 wt-%,
fine coal
Figure 7. Contours of CO [vol.-%] from one diagonal section of the furnace

BO 25 %

Figure 8. Predicted nose level and outlet CO concentrations

According to the simulation results NOx emission would decrease in the modelled cofiring cases compared to coal combustion due to lower fuel N content in torrefied
biomass and bio-oil. Emission reduction up to 20 % is predicted in BO co-firing and in
TF 50 wt-% fine coal case. Anyhow the low-NOx burner seems to lose some of its NOx
reduction efficiency, if particle size increases and coal is replaced by TF in co-firing.
This is estimated to follow from fading flame stability and reduced near burner
hydrocarbon concentration. Hydrocarbon radicals are effective NOx destroyers in
reducing, high temperature conditions. Contours of NO are drawn in figure 9 and the
simulated NOx emission values are plotted in figure 10.
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Coal 100 %

TF 30 wt-%

TF 50 wt-%

TF 50 wt-%,
fine coal
Figure 9. Contours of NO [ppm] from one diagonal section of the furnace

BO 25 %

Figure 8. Predicted NOx emission

The results also indicate that risk for fouling and corrosion remains low at the main
combustion zone in all simulated co-firing cases. Unreacted fuel is transported to the
centre of the furnace. Evaporator walls are well protected by combustion and cooling air
so that there is only a small concentration of particles and practically no unburned gases
in the near wall region. In the two BO co-firing cases gas in the hopper zone is at
reducing state, but on the other hand the temperature is lower there decreasing the
corrosion/fouling risk. Instead some problems might arise in the superheater region with
biomass originated ash and inorganic gaseous species involved especially as gas
temperature is predicted to rise in the upper part of the furnace in co-firing.
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Conclusions

From the combustion point of view it seems well feasible to replace coal by TF in the
unit investigated with shares up to 50 % by weight. Also significant bio-oil co-firing is
possible without major changes in the combustion phenomena. Flame stability could be
an issue with even higher shares of TF or in partial burner load operation with notable
TF content in fuel.
There should be no drastic change in furnace heat transfer although a small reduction in
evaporator heat transfer rate (< 5 %) might be expected especially in bio-oil case.
Furnace exit gas temperature before the superheater region is anticipated to rise slightly
in co-firing.
According to the model TF co-firing is characterized by 1) combustion efficiency
comparable to pure coal firing, 2) reduced total ash flow and 3) increased unburned
carbon in fly ash, presuming coal mill performance degrades along with the addition of
TF. Combustion efficiency and UBC can be positively affected by improving mill
performance if possible or by e.g. applying separate crushing for TF. In bio-oil co-firing
combustion efficiency and UBC are expected to be at the same level compared to coal
combustion with decrease in fly ash flow.
Actual CO emission trend remains unclear due to modelling uncertainties, but no drastic
increase is predicted.
NOx emission is reduced when increasing the share of biomass based fuel. Reduction
up to 20% might be well possible in TF and BO co-firing.
Evaporator wall fouling/corrosion problems are not expected to increase in the furnace
investigated. The superheater region might be more vulnerable in that sense with the
simulated rise in FEGT.
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