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ABSTRACT

The combustion behavior of biomass as a fuel varies dependent on source of the raw material, but also on the
type of pre-treatment. In this work steam exploded and torrefied woody biomass were studied with respect to
NOy formation in co-firing experiments. Most of the reported data is based on small scale experiments and
simulations. In this work, however, have three different cases been investigated experimentally in a 1.5MW,
combustor supported by reaction simulations. One case corresponds to firing 100% Utah bituminous coal and
two cases where 15% of the coal (on a mass basis) has been replaced with either torrefied or steam exploded
biomass. Two of the cases was also studied in a utility scale 1.3 GWy, industrial boiler. In both units did the case
with pure coal result in the highest amount of NO formed, which was expected due to the higher amount of fuel-
bound nitrogen in the coal, as compared to the biomass fuels. The fuel analyses indicate that the nitrogen content
is the same in the two investigated biofuels. However, the amount of NO formed differed. Gas composition
measurements reveal that the partitioning of volatile nitrogen species (HCN and NHj) varies between the
biomass co-firing cases. This was investigated further using detailed reaction simulations and is suggested as the
main reason for the observed difference in NO formation.

1. Introduction

According to the Intergovernmental Panel on Climate Change,
anthropogenic activities such as our use of fossil energy resources are
proven to be the main cause for the climate changes that we are facing
[1]. Large efforts are therefore invested to find alternative energy re-
sources and to improve resource efficiency in order to reduce fossil fuel
CO; emissions. One alternative that is discussed is the replacement of
coal with bio-derived fuels. Another important emission apart from CO5
that has received, and continues to receive, considerable attention due
its negative effect on humans and the environment is nitrogen oxides
(NOx). An increased use of woody biomass fuels could potentially reduce
the emission of both CO, and NOx due to the generally lower nitrogen
content and differing volatile contents. Co-combustion of biomass with
coal is particularly attractive in order to mitigate the impacts of fuel
mechanical properties and inorganic species in the ash [2-7]. Co-
combustion of coal and biomass has been suggested to be one possible
way to make the use of biomass for power production more efficient.
One of the main reasons for this strategy would be to lower the problems
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with aerosol formation and high-temperature corrosion otherwise
related to combustion of biogenic fuels, but also for utilities to remain
cost competitive with other electricity generation technologies; for
example, gas-fired combined cycles [3,4]. Another consideration when
switching from coal to biomass in metallurgical industries is to avoid
any negative influence of ash chemistry on product quality. Applying co-
combustion might then be a way to handle this and still be able to reduce
CO, emissions in the range of 20-50%, depending upon the percentage
of coal replaced with biomass.

Two sources of nitrogen can appear during combustion: Ny from the
air, and fuel-bound nitrogen, and NO may be formed from both sources.
Depending on the form of nitrogen present, different general reaction
routes are possible. The fuel-bound nitrogen is usually divided into the
sub-categories of volatile-nitrogen (volatile-N) and char-bound nitrogen
(char-N), reflecting the different ways in which nitrogen is bound to and
released from the fuel. The NOx formation form volatile-N can often be
reduced significantly through effective burner design and the use of
external air-staging. Since the char combusts relatively far from the
burner, it is difficult to control the heterogeneous NOy formation with
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Table 1

Fuel Processing Technology 235 (2022) 107365

Fuel compositions of the Utah bituminous coal and two thermally-treated biomasses. The table also includes the calculated composition of the mixtures used in the
three cases investigated in this work. The composition is presented in % based on mass.

Fuel or case Mixture C H N S o Ash H,0
Torrefied - 54.98 5.16 0.59 0.00 29.60 7.44 2.24
Steam exploded - 59.59 5.50 0.59 0.00 28.04 3.52 2.76
Coal Utah bituminous coal (UBC) 61.48 4.47 0.91 0.58 12.21 16.20 4.15
Coal-T UBC/Torrefied — 85/15 60.51 5.01 0.86 0.49 14.82 14.88 3.86
Coal-SX UBC/Steam exploded - 85/15 61.20 5.07 0.86 0.49 14.58 14.29 3.94
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Fig. 1. The 1.5 MW combustion unit located at University of Utah. The top figure (Fig. 1a) shows an isometric view of the unit and supporting hardware and the
bottom figure (Fig. 1b) is a top view showing the four different port locations (P1-P3, P7 and P10) used for measurements in this work.

burner design. For this reason, the partitioning of nitrogen between
volatiles and char is important [8-14]. Molina and co-workers [10]
conducted a study on the reduction of NO in a drop-tube reactor and
how the char and coal particles impacted the conversion of char nitrogen
to NO. Their results, in line with previous findings, showed that the
degree of char conversion reduces the nitrogen to NO transformation.
Local stoichiometry, availability of oxygen also clearly influenced the
conversion as did the background NO concentration. Spinti and Pershing
[12] studied the fate of nitrogen during experiments with different coal-
derived chars that were converted in lab-scale experiments in both air-
fired and 02/CO2-based atmospheres. The test amtospheres were also
doped with NOx up to concentrations of about 900 ppm. The parent coal
impacted the conversion of char nitrogen to NOx and increased oxygen
concentration increased the NOx formation. When the gas atmospheress
were doped with NOx, this had an adverse effect on char nitrogen to NOx
formation. Visona and Stanmore [13] performed single particle
modeling studies to obtain information on NO formation from coal char.
Different reaction paths were tested in the work using NO reduction
kinetics form the literature. Direct reduction of NO on char or reduction
via HCN proved equally relevant in the used modeling framework.
Riaza et al. [15] studied the volatile yield and the nitrogen parti-
tioning of different biomass and coal types when using high-temperature
pyrolysis conditions to generate chars. The observed difference in vol-
atile yield between the coals and the white biomasses tested were
noticeable. In general, the major part of the nitrogen in biomasses were
released together with the volatiles (and not the char) while the coals
presented a wider range in the fate of nitrogen from volatiles and char,

respectively. Data regarding the partitioning and release pattern of fuel
nitrogen can be used to create a combustion environment the limits the
formation NOx. For example will a flame with an oxygen-lean internal
recirculation zone have low NOy formation if most of the nitrogen is
released with the volatiles, and a higher NOy formation if most is
retained in the char. Flames without an oxygen-lean internal recircula-
tion zone can be expected to produce more NOy if most nitrogen is
released with the volatiles, since the net volatile nitrogen conversion to
NO is typically more sensitive than the net char-bound nitrogen con-
version to NO. [16,17] Studies have shown that volatile nitrogen release
is enhanced at higher pyrolysis temperature. Although this is also true
for carbon, nitrogen partitioning appears to be more sensitive to tem-
perature [18]. The partitioning of the nitrogen is also dependent on how
the nitrogen is bound in the fuel; something that varies between
different fuel types such as coal and biomass. But it might also be
affected by fuel pretreatment [14,15,19]. This work will investigate the
influence of co-combustion of biomass and coal at two different scales,
1.5 MWy, and 1.3 GWy,. The aim is to study any differences from pure
coal combustion with respect to NOyx formation. For this reason, steam-
exploded and torrefied biomass have individually been co-combusted
with Utah bituminous coal in a 1.5 MWy, combustion unit. The later
mixture was also tested in 1.3 GWy, utility scale boiler. Further evalu-
ation of the obtained data is performed using detailed reaction kinetic
calculations aiming to find an explanation for the observed differences.
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Table 2
Presented in the table is the type of data available for each case and port. G = gas
composition data is available, T = temperature data is available.

Coal Coal-T Coal-SX
Port 1 G/T - G/T
Port 2 G/T G/T G
Port 3 G/T G*/T G/T
Port 7 G/T** G*/T** G/T**
Port 10 T T+ T+
Flue gas G G G

" Due to problems with the sampling in these positions all components and/or
positions along the diameter might not be available.
" Only center position available

T

2

Fig. 2. Measurement position in the Hunter Unit 3 boiler. The dashed line
indicates the path used to define the distance starting from the first burner row.

2. Methodology

The coal utilized in these experiments is Utah bituminous coal which
has been combusted either pure or mixed 85/15 (on mass basis) with
one of two biomass fuels, creating three different cases. Both biomass
fuels originate from raw wood which was sourced in the Wasatch
Mountains near Tibble Fork in American Fork Canyon in Utah, and the
main species were pinyon pine (Pinus edulis), juniper (Juniperus) and
spruce (Picea). The difference between the steam-exploded and torrefied
biomass is how they have been treated to break down lignin and densify
the energy. The material was shredded to a particle size of below 12 mm.
The biomass was then treated via either steam explosion, at 20 bar with
saturated steam, or through torrefaction at 325 °C. In the case of tor-
refaction, the shredded biomass was pelletized before the heat treat-
ment. Following the pretreatment procedure, the fuels were blended and
then pulverized in a Ramond 312 Bowl Mill in preparation for the pilot-
scale experiments. The fuel composition for the pure fuels as well as the
two fuel mixtures, coal with torrefied wood (Coal-T) and coal with
steam-exploded biomass (Coal-SX), are shown in Table 1. The fuel
composition, milling behavior, including resulting particle size distri-
bution, was investigated as part of an earlier work by Dobé and Fry [2].
The fuel blends used in this work are chosen based on their work where
more details can be found. Only one of the co-firing cases, Coal-T was
used in the full-scale experiments.

The pilot-scale combustion experiments were carried out in the
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L1500 combustion unit located at University of Utah, shown in Fig. 1.
The furnace is approximately 14.5 m (48') long and has a square-shaped
cross section with each side being approximately 104 cm (41”). The
firing rate was approximately 880 kW, (3.0 MBtu/h) in all three cases.
The air flow was adjusted to achieve a flue gas oxygen concentration of
3% on dry volume basis. The total air flow was divided between primary
and secondary air registers in the burner and an over fire air (OFA) inlet
located in the fourth section (Port 4) after the burner. Five of the
available ports were used for measurements in the furnace. The tem-
perature was measured along the diameter in Port 1, 2 and 3, as well as
in the center position in Port 7 and 10 using a suction pyrometer. The
same ports, except Port 10, were also used for gas composition mea-
surements using a heated extractive sampling probe. The sampled gas
was subsequently analyzed using an FTIR and a paramagnetic oxygen
analyzer. Some of the main flue gas components have also been
measured at the beginning of the convective section, which will be
referred to as flue gas measurements. At this position, paramagnetic and
NDIR analyzing equipment were used to determine the concentration of
03 CO; and NO. Each experimental data point presented in this work is
an average value based on a two-minute-long measurement. The actual
measurement is initiated first after stable conditions has been reached.
Unfortunately, gas composition and temperature data could not be ob-
tained in all positions for all three cases investigated. Table 2 indicates
the data that was obtained for each of the fuel conditions.

The full-scale utility measurements were conducted in Unit 3 at the
Hunter Power plant in Castle Dale, Utah, operated by PacifiCorp. The
unit has a thermal capacity of 1.3 GW but was operated at about 1.2 GW
(4000 MBtu/h) during these tests. This unit incorporates a B&W wall-
fired boiler and has burners installed at four levels on two opposing
walls, as shown in the schematic drawing in Fig. 2. As mentioned earlier
in the paper, only the torrefied wood pellets were used in the full-scale
utility tests. The torrefied biomass was delivered to and mixed with the
coal on site before entering the coal mills. The fuel mix used contained
15% biomass, the same percentage used in the pilot scale tests. This co-
combustion test lasted for 24 h. The full-scale unit does not, for natural
reasons, provide the same accessibility with respect to measurements
and sampling. There were, however, three ports available for sampling
which are marked as 1, 2 and 3 in Fig. 2. The first position is above the
intake of the over fire air, position 2 above the “nose” and position 3 in
between the super-heat and re-heat sections. The same sampling system
and gas analyzers were used in the L1500 pilot-scale unit and the full-
scale test. It was therefore only possible to measure about 2 m into the
furnace and, due to the much larger size of the full-scale unit, not
possible to reach all the way over to the opposing wall as it was in the
pilot. The dashed line in Fig. 2 indicates the path used for determination
of distance when comparing results between the pilot and full-scale unit.
Note that the numbers used indicate “distance” of the measurement
ports from the first burner row rather than their exact position.

The nitrogen chemistry in the L1500 unit was simulated in this work
using a plug flow reactor (PFR) model in the software Chemkin. The
detailed reaction mechanism used is a combination of different subsets
found in the literature and includes the following: oxidation of hydro-
carbons (C1-C3) [20-22]; nitrogen chemistry [23-25]; and sulfur
chemistry [26,27]. There are some reactions suggested in the literature
describing direct interaction between N and S species [28-30]. These
reactions are often studied individually and/or under conditions that are
different from those investigated in the present study, so no direct re-
actions between N and S species are included in this work. It should also
be mentioned that the combination of subsets used in this work has not
been validated as a combined mechanism. The purpose here was to
discern general trends and perform a sensitivity analysis using a com-
bination of experiments, rather than attempting to create a validated
model. The same mechanism has been used before for similar purposes
in previous work with satisfactory results [31]. The mechanism does,
however, only include gas phase reactions, which is why a “fuel gas”
representing the solid fuel was created that matches the experimental
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Table 3
Fuel compositions, presented as mol fractions, used in the modeling work for
each of the three cases.

Coaly Coal-Ty Coal-SXy
HCN 0.0121 0.0117 0.0115
HaS 0.0034 0.0029 0.0029
CH4 0.2018 0.2110 0.2109
co 0.7398 0.7337 0.7336
H,0 0.0429 0.0407 0.0411

Table 4
Cases used to investigate the influence of residence time and temperature.

Case Base Temperature profile Velocity profile
Coaly Coaly Coaly Coaly

Coal-Ty Coal-Ty Coal-Ty Coal-Ty
Sensitivity 3 Coal-Ty Coaly -

Sensitivity 4 Coal-Ty Coal-Ty Coaly
Sensitivity 5 Coal-Ty Coaly Coal-Ty

fuel analysis. This fuel gas was creating by assuming the following;

e moisture is introduced as HO.

e N is introduced as HCN

e S is introduced as HjS

e The remaining amount of H is introduced as CHy.

e The remaining C is introduced as CO.

e If more O is required in order to fulfil what is stated above, the
amount of oxygen introduced via the air has been adjusted accord-
ingly keeping the total mass flow of each element the same as in the
experiments.

The resulting gas composition for each case is presented in Table 3.
To be able to distinguish between experiments and modeling, the
modeling cases are market with “M.” Note that oxygen had to be added
to the fuel mix in all three models to fulfil the assumptions listed above.
For Coaly;, Coal-Ty and Coal-SXy;, about 24%, 28% and 27% respec-
tively of the oxygen content presented in Table 3 originated from the
actual fuel.

The temperature in the PFR was set using a fixed temperature profile
based on the temperatures measured along the center line of the L1500
unit during the experiments. The inlet temperature was set to 260 °C in
all cases which was the set inlet temperature in the secondary air fed to
the burner. As presented in Table 2, there are some temperature data
missing for Coal-T and Coal-SX. The missing temperature for Coal-Ty in
port 2 is therefore assumed to be the same as for Coaly in the same port.
The same assumption is made for Coal-SX); in port 2 and 3. The tem-
perature profile after Port 10 (1220 cm) is an extrapolation of the
temperature decrease between Port 7 and 10. The importance of tem-
perature will also be investigated as part of a sensitivity analysis.

Injection profiles have been used for both air and fuel in order to
compensate for the radial mixing resistance of fuel and air caused by
burner aerodynamics, which does not exist in a PFR. The use of injection
profiles for this purpose have been used previously and are shown to be
able to describe the combustion sufficiently for the model to capture
important parts of the related chemistry [32-34]. The method can be
applied for different combustion systems, but the actual injection pro-
files have to be adjusted for each specific combustion environment. The
cumulative profiles used in this work are shown in Fig. 4a and b for fuel
and air, respectively. Note that the air injection profile includes all air
supplied, including the OFA. Both profiles are determined by fitting the
simulated O3 and CO profiles with the measured concentrations of the
same components along the centerline in the L1500 unit. The same cu-
mulative injection profiles have been used for all three cases with only
the absolute amount, and composition, of fuel and air being adjusted.
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There is also a linear injection profile for fuel presented in Fig. 4a. This
alternative profile was, however, only used as part of the sensitivity
analysis. During this sensitivity analysis, the nitrogen containing part of
the fuel is introduced separately using the alternative injection profile,
while the remaining part of the fuel still follows the main fuel injection
profile. The separated nitrogen content was then introduced as either
HCN (Sensitivity 1), same as in the main models, or NH3 (Sensitivity 2).

In another sensitivity analysis, the influence of temperature and
residence time was investigated. In the main model the geometry of the
PFR is set. Any eventual differences in volumetric flow would therefore
also result in a different velocity and residence time. To investigate how
this is influencing the chemistry, the temperature and resulting velocity
profile from the Coaly case was applied individually and together to the
Coal-Ty case. This resulted in three different sensitivity cases, listed in
Table 4.

3. Results

Utah Bituminous coal is combusted alone and together with biomass
that has been thermally treated via either torrefaction or steam explo-
sion creating three cases: Coal, Coal-T and Coal-SX. All three cases were
combusted in the L-1500 research combustor, but full-scale tests were
only conducted on Coal and Coal-T at Hunter, Unit 3. Fig. 5 shows the
flue gas NO concentration measured for all cases available. The con-
centrations have been normalized with respect to the reference case, the
Coal case, in each respective combustion unit. The figure shows notable
differences when firing each of the fuel and fuel blends. The data in
Table 1 shows that the bituminous coal has a higher nitrogen content
than the two biomasses, which is why it is reasonable that the highest
NO concentration is found for that case. Table 1 also shows that the
nitrogen content is the same for both biomasses, and, based on only the
nitrogen content, there should be a reduction in NO of 6.5% for the Coal-
T and Coal-SX cases compared to the reference Coal case. The data in
Fig. 5 shows that this is almost the case for Coal-SX which has a
reduction of 8% compared to the Coal case. The Coal-T case, on the other
hand, has a much higher reduction in NO concentration, with 30% in the
L-1500 unit and 15% in Hunter. Both of these reductions are signifi-
cantly larger than that suggested by the nitrogen content in the fuel
indicating that the mechanism for NO formation is much more complex
than only fuel nitrogen content. Additional measurements were per-
formed to investigate this further and supporting detailed chemical re-
action simulations were performed. The results are presented in the
following sections.

3.1. Comparing pilot and full scale

As shown in Fig. 5, there was a similar trend with reduced flue gas
concentration of NO due to the addition of torrefied wood in the full-
scale unit and in the pilot unit. In this section, gas composition mea-
surements from within the two units are compared. Note that the L-1500
unit is not designed to be an exact down-scaled model of the full-scale
unit, which is why the normalized distance used in the discussion
below (diameter over length) is different for each unit, with the research
combustor longer and narrower. There are also differences in accessi-
bility between the two units. The concentrations shown in this section
for the L-1500 unit are average concentrations measured over the hor-
izontal center line in each port used. This was not possible in the full-
scale unit, instead the included averages are based on our measure-
ments between 0.75 m and 1.75 m into the furnace in the ports used.
Another difference worth noting is that the first measurement from the
pilot-scale unit used in this comparison, port 3, is slightly before the OFA
injection. On the other hand, position 1 in the full-scale unit is down-
stream of the OFA.

Fig. 6 presents oxygen and carbon monoxide concentrations
measured in both units. It can be seen in the presented data that com-
plete combustion was not reached in the first position but was reached in
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Fig. 3. Temperature profiles used in each of the three simulated cases.

the final position. Despite the large differences in the two units, the data
presented here is represents the same conditions, namely the transition
from the late combustion zone into the post-combustion zone. The
concentration of oxygen and carbon monoxide is relatively similar be-
tween the two cases for both units with one possible exception being the
CO concentration in the L-1500 unit. Here it seems that the combustion
is a bit slower in Coal-T case based on the higher CO concentration. The
later concentrations, however, are similar.

The trends for the Coal and Coal-T cases are similar with respect to
the volatile nitrogen species, HCN and NHgs, even though the absolute
concentrations are different. In the L-1500 unit, the concentration of
both components is about four times higher in the Coal case compared to
the Coal-T case, as shown in Fig. 7. A similar difference is also seen with
respect to HCN in the full-scale unit. With respect to NH3, on the other
hand, the difference between the two cases is much smaller and the Coal-
T case has the higher concentration. The NH3 concentration profile for
the full-scale unit also differs from the other profiles shown in Fig. 7 by
the fact that it is not continuously decreasing. Instead, there is an in-
crease found between the second and third measurement position.

3.2. Pilot scale

Detailed measurements were performed in the L-1500 pilot-scale
unit including temperature and gas composition measured in Ports 1,
2, 3,7 and 10, according to Table 2. The temperature data obtained is
presented in Fig. 8. The Coal case was the only case where the tem-
perature was measured in all three ports closest to the burner. A color
map based on these temperatures is presented in Fig. 8a showing the
temperature distribution of the flame. Each specific experimental data
point used is marked with “*” in the figure. Most of the flame zone is at a
temperature between 1250 °C and 1400 °C. Plots comparing the tem-
perature profile measured in the Coal case and the available data for the
biomass blend firing conditions are presented in Fig. 8b. The
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temperature profiles seem to be similar during co-combustion as for
combustion of pure bituminous coal. The largest discrepancy is found in
Port 3 where the temperature in the Coal-T case is lower than in the Coal
case. The average temperature is, however, less than 30 °C higher in the
latter case. A comparison between the temperatures measured in center
position Port 7 and 10 is not presented here. They do, however, follow
the same trend with the Coal-T temperature being the lowest and the
other two more or less the same as can be seen in Fig. 3 by comparing the
temperature profiles used in the models. It should also be mentioned
that the thermal properties of walls and cooling surfaces might change
over time due to depositions and may influence the temperature profile,
in addition to the operating conditions and combustion properties.

Oxygen and CO concentration profiles are presented in Fig. 9 and
show that oxygen distribution is similar for Coal, Coal-T and Coal-SX in
all four ports measured. Especially in Port 2 and 3, the oxygen levels are
very similar between the three cases. In Port 1, however, there is a
somewhat lower oxygen concentration in the Coal-SX case compared to
the Coal case. This is consistent with the CO profiles where the con-
centration of carbon monoxide is higher in Port 1 for Coal-SX compared
to the Coal case. Here it can also be seen that even though the O, profiles
are similar in Port 2, the CO concentration is lower in the Coal-SX case
compared to the other two, which are very similar. In Port 3 the levels
are again similar. In this port, it is Coal-T that has a slightly higher CO
concentration compared to the other two, even though the difference is
small. It should also be mentioned that there is a notable relative dif-
ference in CO concentration between the three cases in Port 7. The
concentrations are, however, in ppm-level instead on percentage which
makes the absolute difference much smaller than what has been seen in
the other ports.

As shown in Fig. 10, near the burner (Port 1) the concentration of
methane is higher in the Coal-SX case compared to the Coal case. In Port
2 and 3, on the other hand, the methane concentration is lower

Il Coal [ Coal-T [ ] Coal-SX
1 —

0,8 —

Normalized
NO concentration [-]

Hunter

L-1500

Fig. 5. Flue gas concentration of NO in the three investigated cases, pure coal
as well as coal with 15% torrefied and steam-exploded wood, respectively.
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Fig. 4. Cumulative injection profiles for fuel (Fig. 4a) and air (Fig. 4b). The “Main” profile is the profile used in the main model and the “alternative” linear profile is

only partly used in the sensitivity analysis.
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compared to both the Coal and Coal-T case. For the volatile nitrogen
species, also in Fig. 10, there is again a relatively large difference be-
tween the Coal and Coal-SX case, with higher concentrations for Coal-SX
in port 1 and the opposite in port 2.

3.3. Simulations

Each of the three cases investigated experimentally in the L-1500
unit were simulated using a detailed gas phase reaction mechanism
implemented using a PFR model in the software Chemkin. As mentioned
in the methodology section, the air and fuel injection profiles were
created by fitting the simulations to experimental data with respect to O
and CO in the reference case, Coal. Fig. 11 provides a comparison of
model predictions with Oy and CO data. The top row of figures presents
the comparison between simulations and experiments for baseline Coal
case. For this case the CO concentration is first linearly increasing until it
momentarily went to nearly zero and then increased to around 16%. A
similar trend, but with an initial linear reduction, can also be seen for O-.
This discontinuity is a result of ignition behavior in the model. When a
certain composition and temperature is reached most of the combusti-
bles and oxygen are consumed, causing the downward spike in CO
concentration. Meanwhile, the injection of both air and fuel continues
with a faster injection of fuel creating a fuel rich environment. This fuel
rich environment lasts until a distance from the reactor inlet of 375 cm,
75 cm after the end of the fuel injection profile. Once all the fuel has
been oxidized there is an increase in O,. This behavior does not accu-
rately describe real heterogeneous reaction profiles of solid fuel, but is
sufficient to provide an accurate environment for studying the chemistry
of interest here. As mentioned in the methodology section, the injection
profiles are tuned to get a good agreement between the modeled case,

Coaly;, and the experimental data, Coal, with respect to CO and Os. The
same air and fuel injection profiles where also used for Coal-Ty and
Coal-SXy; but with the absolute values adjusted corresponding to the
change in fuel composition. Despite the relatively small changes in fuel
composition, due to only 15% of biomass in the blends, there were some
clear differences in Oy and CO observed during the experiments. The
agreement between experiments and simulations was also found for the
other cases, Coal-T and Coal-Ty; as well as Coal-SX and Coal-SXy
respectively (see middle and bottom rows of Fig. 11).

The good agreement between experiments and simulations pre-
sented in Fig. 11 should be expected, especially for Coal and Coaly;, on
which the injection profiles were created. The model does, however, also
agree with the experiments with respect to NO, which is presented in
Fig. 12. All the NO concentrations shown here are normalized with
respect to the outlet NO concentration in the Coal case. As can be seen,
there is a peak in NO concentration around the point of ignition for the
three modeled cases. High early concentrations were also found exper-
imentally in the Coal and Coal-SX cases. The plot in the bottom right
corner of Fig. 12 is a comparison between the three modeled cases with
the first 100 cm excluded to avoid the initial peak and focus on post
ignition behavior.

Fig. 13 presents measured and simulated concentration profiles of
NH; and HCN for each of the three fuel cases. The simulations suggest a
peak in NH3 concentration, to the left in Fig. 13, in connection with the
earlier mentioned ignition point. The peak value is more or less the same
in all three modeled cases. In Coaly; and Coal-Ty; this value is also similar
in magnitude to the peak concentration in the respective experimental
case, but the measured concentration is lower for the Coal-SX case than
the model suggests. However, it should be noted that the data point in
question is on a steep concentration gradient with respect to furnace
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Fig. 11. Comparison between measured and simulated O, and CO concentrations in the L-1500. The experimental results are indicated by symbols and the

simulation results by continues lines.
position/temperature.
3.4. Sensitivity analysis

As shown in Table 3, all fuel-bound nitrogen is assumed in the sim-
ulations to be released as HCN. The fuel is also injected following one
injection profile. As part of the sensitivity analysis, it was tested to
separate the nitrogen content from the main fuel input and inject it
according to the linear injection profile shown in Fig. 4a. This profile
was used to introduce all nitrogen both as HCN, Sensitivity 1, and NHs,
Sensitivity 2. These tests are based on the Coaly; case and are therefore
compared to the same in Fig. 14, which shows that the linear profile
results in a much higher formation of NO. The difference between
introducing the fuel bound nitrogen as HCN or NHs is on the other hand
minor. As a second part of the sensitivity analysis, temperature and
residence time were examined. Table 4 presents three sensitivity simu-
lations, Sensitivity 3, 4 and 5, where the temperature and velocity of the
Coaly; case were applied to the Coal-Ty; case. The results from each of
these three simulations as well as the original cases are presented in
Fig. 15. Sensitivity 4, which had a temperature profile from the Coal-Ty
case and velocity from the Coaly case, is slightly higher compared to the
Coal-Ty case. Sensitivity 3 which was based on the Coaly; temperature
profile only hade a slightly higher NO concentration compared to the

Coaly case. Sensitivity 5 had both velocity and temperature profile from
the Coaly case and produced an almost identical result, which is why the
corresponding line cannot be seen behind the Coaly; line.

4. Discussion

It was shown in Fig. 5 that co-combustion of thermally treated
biomass with coal can lower the NO emissions compared to combustion
of pure coal. It also became evident that the reduction in NO formation is
larger than the difference in nitrogen content between the two fuels.
That co-combustion of biomass and coal can result a change in NO
formation, compared to combustion of pure coal, that does not directly
correlate to the difference in fuel-bound nitrogen has also been reported
in experimental and modeling work by Wang et al. [35] and Tu et al. [6]
respectively. Based on this work it also became clear that not only the
nitrogen content but also the type of pretreatment used for the biomass
also has an influence on the NO formation. This was investigated further
by performing in-flame measurements of both gas composition and
temperature in the L-1500, pilot scale unit. Even though that unit is not a
down-scaled version of the Hunter power plant Unit 3, the two tests still
showed overall similarities with respect to NO formation and overall
combustion, which is important in connection with the nitrogen chem-
istry. It is therefore assumed that knowledge obtained from the pilot-
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Fig. 12. Comparison between results from L-1500 experiments and simulation for the three cases investigated. All NO concentrations are normalized with respect to
the Coal case outlet concentration. Note also that the figure to the bottom right does not contain any information at distances between 0 cm and 100 cm.

scale unit, and simulations of the same, can be applicable to the full-
scale unit. The model is shown to be capable of capturing the general
trend seen in the experiments and, at least partly, to capture the dif-
ference found in NO concentrations of the three fuels. Both Coal-Ty; and
Coal-SXy; have a lower outlet NO concentration than Coaly;. For the
Coal-SXy; case, the difference is small and barely visible in the figure
while there is a clear difference found between Coaly and Coal-Ty. A
larger difference between Coaly and Coal-Ty; compared to the difference
between Coaly and Coal-SXy is consistent with the measured outlet NO
concentrations for the three cases presented in Fig. 5.

Fig. 9 showed that the Coal-SX case differed from the other cases
with respect to CO concentration, but it is also different with respect to
methane, seen in Fig. 10. This is an indication that there are some dif-
ferences in volatilization between the cases. This is in agreement with
what is seen for the HCN and NHjs, Fig. 10. For these species, there is
again a relatively large difference between the Coal and Coal-SX case
with higher concentrations for Coal-SX in port 1 and the opposite in port
2. The reason for this could be the same as for why the CH4 concen-
tration is different; namely, that the volatile matter is released earlier in
the Coal-SX case. The NH3 concentration is, however, higher again in
Port 3 for the Coal-SX case. This is something that is not seen for HCN
suggesting that there might be a secondary formation of NH3 indepen-
dent of the formation of HCN. The lowest concentration of NO was
measured in the Coal-T case, which was represented well by the model.
A deeper understanding of this behavior is required because its cause is
not immediately apparent. The nitrogen content is the same in both
biomass fuels, thus the amount of fuel bound nitrogen is not the cause.
One possibility is, however, that the nitrogen is bound differently in the
fuel, which may be a result of the two different pre-treatments, which
may influence the release of nitrogen. A difference in carbon monoxide
and methane, as well as for HCN and NH3 concentrations, between the
cases was observed in the experiments. This suggests that the release of
volatile matter might be different.

Even though differences were found in the measured concentrations
of NH3 and HCN, this was not the case for the simulated cases as shown

10

in Fig. 13. The simulations suggest an early peak in NHs in connection
with the ignition point in the model. The peak value is more or less the
same in all three modeled cases. In Coaly; and Coal-Tyy, this value is also
similar to the peak concentration in the respective experimental case,
but the measured concentration is lower for the Coal-SX case than the
model suggests; however, the data point in question is on a steep con-
centration gradient with respect to furnace position/temperature. Ex-
periments and simulation both suggest an early peak in NHg
concentration. A similar trend with an initial peak is seen in both ex-
periments and simulations with respect to HCN. There are, however,
differences between the model in exact position and shape of these
peeks. The differences could be caused by the characteristics of the
model, assuming for example perfect radial mixing and all fuel-N in the
form of HCN. These settings have to be kept in mind when comparing
results from the model and experiments.

The different ways of introducing fuels during co-combustion can
influence the formation of NO. In this work the importance of fuel in-
jection was investigated as part of the sensitivity analysis presented in
Fig. 14 which indicates a clear effect of the different injection profile,
which goes in line with what has been reported by others [6,36-38]. Of
the two profiles investigated in this work is the linear injection profile
resulting in a much higher outlet NO concentration. The main difference
between the two profiles is that about 70% of the nitrogen is introduced
between a distance of 100 cm and 300 cm from the burner for the linear
profile, compared to 30% in the main fuel injection profile. This region is
after the reduction of all the initially formed NO and where most of the
NO actually leaving the rector is formed. The difference between
introducing the fuel bound nitrogen as HCN or NHj is on the other hand
only minor. This result shows that when and at what conditions the
volatile nitrogen species are released does matter and could potentially
have a large influence on the overall NO formation. Riaza et al. [15]
investigated six different fuels, three coals and three biomasses, during
high temperature pyrolysis. Their results showed, on one hand, a clear
difference in nitrogen partitioning between the fuels, but also that the
release of volatile nitrogen was higher for all fuels during high
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Fig. 15. Results from the sensitivity analysis looking at the influence of tem-
perature and residence time on NO formation.

temperature pyrolysis compared to what was given by a proximate fuel
analysis. This increase was, however, not the same for all fuels. This
result goes in hand with the results from this work showing that the
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reduction in NO emissions is not directly proportional to the lower ni-
trogen content shown in the fuel analysis. Even though it did not seem to
be important if the nitrogen is released as HCN or NH3 based on the
sensitivity analysis, there could be some indirect effects. As shown in
Fig. 12, there are some differences in HCN and NH3 concentration trends
suggesting differences in their respective release pattern. If one tends to
be released during certain conditions, it could potentially result in an
indirect effect related to whether the nitrogen is released as HCN or NH3.
This proposed by Tu et al. [6] in their work to be the explanation to why
the NO formation changed depending at what burner level the biomass
was introduced to the boiler.

The fuel particle size distribution (PSD) is also an important
parameter that effects the combustion. A smaller particle will be heated
up faster than a larger particle, resulting in a faster devolatilization and
possibly more intense combustion with higher temperatures. The mill-
ing performance of the same fuels investigated here was investigated in
a previous work by Dob6 and Fry [2]. According to their findings, co-
milling of coal and steam-exploded pellets had the particle size distri-
bution that was most similar to the one for pure coal. The Coal-T mix
did, on the other hand, result in an increase of larger particles. This
change could be a reason for the difference found in e.g. CO concen-
tration in the flame. The biomass fuels are more volatile compared to the
coal, and a biomass particle of the same size as a coal particle will
devolatize faster compared to the coal particle, which is indicated by the
higher CO, HCN and NHj concentrations found early for the Coal-SX
case (Figs. 9 and 10). The same reasoning could then be used to
explain the similarities between the Coal and Coal-T case. The slightly
larger particles in the Coal-T case are partly compensated by the biomass
content but are still resulting in a partly delayed combustion, which was
seen in both the pilot- and full scale- unit. A delayed combustion could
increase the residence time during which already-formed NO could be
reduced again.

As mentioned earlier, the temperature is also an important param-
eter that is connected to the combustion and formation of NO. There
were some differences in temperature observed during the experiments
between the cases which were also described in the simulations, as
shown in Fig. 3. The temperature could potentially affect the simulations
by the temperature dependence in the reaction kinetics. The same PFR
geometry was used in in all three cases, Coaly;, Coal-Ty; and Coal-SXyy,
which causes an indirect effect of temperature on the velocity, and hence
also the residence time. The influence of temperature and residence time
was examined as part of the sensitivity analysis. Table 4 presents three
sensitivity simulations, Sensitivity 3, 4 and 5, where the temperature
and velocity of the Coaly; case were applied to the Coal-Ty; case. The
results from each of these three simulations as well as the original cases
are presented in Fig. 15. In Simulation 3, the Coaly; temperature profile
is applied to the Coal-Ty case and as can be seen this results in the same
NO concentration as in Coaly. But in this case, it is then not only the
temperature but also the residence time that has changed. In Sensitivity
4, the Coal-Ty case has therefore been forced to follow the same velocity
profile as in Coaly. The reduced residence time does increase the NO
formation slightly but is not enough to cause the entire difference be-
tween Coaly; and Coal-Ty;. It therefore seems to be due to the lower
temperature in the critical zone between 150 cm and 300 cm that causes
the difference. Before that, the NO concentration is more or less the
same, as well as the temperature. And after 300 cm, most of the fuel has
been combusted and the formation of NO almost over.

It should be mentioned in relation to the discussion of the importance
of volatile nitrogen release, that the simulation part of this work only
considers gas phase chemistry. In reality, it is not only a question of
when and where the nitrogen is released to the gas phase, but as
mentioned previously also a question of how much is actually released
with the volatiles or remains in the char. The partitioning of nitrogen
and its heterogenous chemistry are important processes that are influ-
enced by temperature-time history, (see for example Edland et al. [14]),
but were not investigated as part of this work.
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5. Conclusions

Torrefied and steam-exploded biomass have, independently, been
co-combusted with Utah bituminous coal in a 1.5 MWy, combustion
unit. By using sampling probes, temperature and gas composition have
been determined for both co-combustion cases, as well as in a refence
case with 100% bituminous coal. Replacing 15% of the bituminous coal
with steam-exploded or torrefied biomass resulted in a reduction in NO
concentration in the flue gas of 8% and 30%, respectively. These re-
ductions are both larger than the 6% suggested by the lower nitrogen
content in the biomass fuels compared to the coal. The torrefied wood
pellets were also co-combusted in a 1.3 GWy, boiler, which also showed
a clear reduction in NO larger than can be explained only by the lower
nitrogen content in the fuel. The reason for this reduction was investi-
gated by means of evaluating the experimental data and comparing it to
detailed chemical reaction modeling. The model was shown to be
capable of representing the combustion process and of capturing the
trends also seen experimentally. It can be concluded that the type of
pretreatment of a biomass has an influence on the formation of NO, even
if the total nitrogen content remains the same. It is suggested that
different pre-treatment methods will influence the release of volatile
species and the nitrogen partioning differently. Based on the presented
results, it is shown that when and at what conditions the volatile ni-
trogen species are released plays a key role in the formation of NO.
Knowing the properties of the mixed fuels, including PSD, nitrogen
distribution and release pattern of different fuels, could in that way be
used to manipulate the nitrogen chemistry to reduce NO emissions
drastically when combining different fuels for co-combustion.
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