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� High NOx emissions of energy grasses can be reduced by up to 30% by air staging.
� High PM1 emissions of energy grasses can be reduced by up to 25% by air staging.
� Optimum primary lambda for NOx and PM1 emission reduction was independent of fuel.
� No relationship seen between primary combustion chamber temp and emission levels.
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a b s t r a c t

The results of experimental work to investigate the effects of air staging on emissions from energy crop
combustion in small scale applications are presented. Five different biomass fuels (wood, willow, mis-
canthus, tall fescue and cocksfoot) were combusted in a small scale (35 kW) biomass boiler and three dif-
ferent tests looking at the effects of (1) air ratio in the primary combustion chamber (primary air ratio),
(2) temperature in the primary combustion chamber, and (3) overall excess air ratio, on NOx and particu-
late emissions were conducted. It was shown that by varying the primary air ratio, NOx emission reduc-
tions of between 15% (wood) and 30% (Miscanthus) and PM1 reductions of between 16% (cocksfoot) and
26% (wood) were possible. For all fuels, both NOx and particulate emissions were minimised at a primary
air ratio of 0.8. Particulate emissions from miscanthus increased with increasing temperature in the pri-
mary combustion chamber, NOx emissions from Miscanthus and from willow also increased with tem-
perature. Overall excess air ratio has no effect on emissions as no significant differences were found
for any of the fuels. Emissions of particulates and oxides of nitrogen from a wide range of biomass feed-
stocks can be minimised by optimising the primary air ratio and by maintaining a temperature in the pri-
mary combustion chamber of approximately 900 �C.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Rising energy costs, depletion of fossil fuel resources as well as
efforts to mitigate the effects of climate change have all resulted in
an increased interest in renewable energy, including bioenergy.
Increasing demand for biomass together with limited wood sup-
plies are forcing markets to consider non-woody forms of biomass
such as agricultural crops [1]. Combustion is the most mature
technology for biomass utilisation but emissions from biomass
combustion are typically greater in comparison to the combustion
of natural gas or light fuel oil and can contribute significantly to
concentrations of particulate matter, ozone and nitrogen dioxide
in ambient air [2]. A relation between air pollution and mortality
has been demonstrated [3] while high ambient levels of particulate
matter still have an impact on a sizable proportion of the European
population particularly in urban areas [4].

Pollutant emissions from biomass combustion arise principally
as a result of the chemical composition of the fuel although
emissions may also be caused by incomplete combustion [5]. For
example, NOx emissions from biomass combustion mainly result
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from the nitrogen content of the fuel and NOx emissions increase
with fuel nitrogen content [1]. However, the correlation between
fuel nitrogen and NOx emissions is non-linear as the conversion
of fuel nitrogen to NOx decreases with increasing nitrogen content
of the fuel. Similarly, emissions of particulate matter are directly
related to the concentrations of aerosol forming elements in the
fuel (K, Na, Zn, Pb) [1].

Emissions from biomass combustion may be reduced by using
either primary or secondary measures [5]. Primary measures
involve a modification of the combustion process whereas sec-
ondary measures take place after the combustion process.
Emissions may be reduced by altering the chemical composition
of the feedstock either through the use of additives or fuel blending
[6–8]. Alternatively, fuel staging has been demonstrated to be an
effective means of reducing NOx emissions [9] although fuel stag-
ing is not used to any great extent in small to medium scale bio-
mass combustion appliances. Staged air combustion is now
commonly used even in small scale biomass combustion; this
strategy separates combustion into a primary combustion zone
where de-volatilization of the fuel takes place to produce a fuel
gas which is subsequently combusted in a secondary combustion
zone [5]. NOx emissions have been found to decrease with decreas-
ing supply of air into the primary combustion zone: primary air
ratio [10–13]. Under reducing conditions in the primary combus-
tion chamber, the nitrogen compounds formed initially from com-
bustion (NH3 and HCN) can be reduced to molecular nitrogen if the
temperature and the residence time are sufficient [14].

Emissions of NOx from biomass combustion have been shown
to be influenced by residence time [15], combustion zone tempera-
ture [15], excess air ratio [11,13] and the use of flue gas recir-
culation [12]. There are conflicting reports in the literature of the
influence of temperature on NOx emissions with some studies
reporting a temperature effect [15] due to faster reaction times
whereas other studies have reported no effect of temperature on
NOx emissions [11]. There are also conflicting reports as to the
effect of flue gas recirculation on NOx emissions. Houshfar et al.
[12] state that emissions of NOx can be reduced by 75–80% through
its use in combination with other air staging strategies.
Recirculating flue gas into the combustion chamber reduces NOx

emissions by reducing the flame temperature, reducing oxygen
availability and increasing residence time. Houshfar et al. [11]
found that NOx increased with total excess air ratio up to a ratio
of 1.5 before decreasing until a ratio of two was reached.
Skreiberg et al. [18] concluded that there was an optimum
combination of primary excess air ratio, temperature and residence
time for each combustion appliance which minimised the conver-
sion of fuel nitrogen to NOx but that primary air ratio was the key
variable in reducing NOx emission levels. Substantial reductions in
NOx emissions (up to 91%) have been reported after air staging was
employed [2,13].

Reductions in particulate emissions with decreasing primary air
ratio have also been reported [2,15]. Nussbaumer [2] reported that
a reduction in particulate emissions in the order of a factor of five is
possible by reducing primary air due to a reduction in the conver-
sion of potassium to volatiles in an atmosphere with limited oxy-
gen. The majority of the potassium in the fuel remains as a salt
as a consequence and ends up in the grate ash fraction. Lamberg
et al. [15] attributed the reduction in particulate emissions with
reducing primary air supply to a decrease in the temperature of
the primary combustion zone and to a consequent reduced
volatilization of alkali metals in the fuel bed. Reduced secondary
air supply was found to result in increased emissions of elemental
carbon, organic carbon, carbon monoxide (CO), and particle num-
bers [15]. As the reduction in secondary air led to increased emis-
sions, it was concluded that sufficient input of secondary air
together with good mixing is important to cut down emissions.
Biedermann et al. [16] reviewed data on air staging based on
experiments and experiences with nine automated boiler technolo-
gies and concluded that significant reductions in both NOx and par-
ticulate emissions were possible if low primary air ratios are used.
The review suggested, however, that only limited information on
air staging was available and that air staging was applied but not
optimised in many instances because of a lack of information on
the correct application of air staging. Consequently, Biedermann
et al. [16] concluded that the full potential of air staging as an emis-
sion reduction measure had still not been reached. Given the
importance of energy crops and agricultural residues for increasing
biomass use in the energy sector [1] and the fact that the full poten-
tial of air staging has still not been reached, the objective of this pre-
sent study was to investigate the potential of air staging to reduce
emissions from the combustion of some new, previously unstudied
energy crops in small scale combustion applications. Previously, it
had been suggested that the combustion of herbaceous biomass
should be confined to larger combustion plants [3]. However, recent
research work has shown that air staging can be successfully used
to reduce emissions from the combustion of problematic fuels in
small scale combustion systems [11,17]. Consequently, three air
staging strategies (adjustment of primary air, adjustment of total
excess air and adjustment of combustion temperature) were stud-
ied as potential means to reduce gaseous and particulate emissions
from the combustion of four energy crops of relevance to Irish con-
ditions (miscanthus, willow, tall fescue and cocksfoot) and wood.
2. Materials and methods

The experiments were conducted at Teagasc crops research cen-
tre at Oak Park near Carlow in Ireland. Five bioenergy feedstocks
were used in the combustion experiments; wood, willow, miscant-
hus, tall fescue and cocksfoot. Wood (spruce), willow and miscant-
hus were combusted in chip form at 15% moisture content. For ease
of combustion tall fescue and cocksfoot was pelletised into 8 mm
pellets at 10% moisture content using a Jiangsu Dehui (Jiangsu
Dehui Machinery & Electric Equipment Co., Ltd, Jiangsu, China) pel-
let mill located at University College Dublin’s Lyon’s Research
Estate. The willow, miscanthus, tall fescue and cocksfoot were
grown on the Teagasc research farm located at Oak Park Carlow.
Softwood chip was purchased from a local supplier. The ash content
of each fuel was conducted using the BS EN 14775:2009 standard
method. The main ash forming elements (K, P, Al, Si, Mg and Ca)
were measured according to EN standard 15290 using an Anton
Paar Multiwave 3000 (Anton Paar GmbH, Graz, Austria) microwave
digester for digestion of samples and a Perkin Elmer Analyst 400
(Perkin Elmer Ltd., Waltham, MA, USA) atomic absorption spec-
trometer for determination of the element concentrations. Cl and
S were analysed using High Performance Liquid Chromatography
(HPLC) (standard method BS EN 15289:2009).

An ETA Hack35 (ETA Heiztechnik GmbH, Hofkirchen, Austria)
tilting grate biomass boiler with a rated output of 35 kW and the
capability to recirculate flue gas beneath the combustion grate
was used for the combustion tests. The boiler was modified so that
it was possible to measure the amount of air being applied to both
the primary and secondary combustion chambers. As this boiler
operates using a flue gas fan to pull air through the combustion
chambers, it was necessary to install flow meters in specially
designed pipes (Fig. 1) which covered the air inlets and allowed
for manual adjustment of the air flow. Flue gas flows (recirculated
and total) were measured using a prandtl tube. Type K thermocou-
ples were also inserted into both the primary and secondary com-
bustion chambers to enable temperature measurements. The
BilanzTH program as designed by BE2020+ was used to verify tem-
perature measurements.
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Gaseous emissions were measured using a Horiba portable gas
analyser (PG-250, 3880 Park Avenue Edison New Jersey NJ 08820-
3097 USA) with heated sampling line. This gas analyzer uses
non-dispersive IR detection for CO, SO2, and CO2; chemilumines-
cence (cross-flow modulation) for NOx; and a galvanic cell sensor
for O2 measurements. An RS232 computer connection enabled con-
tinuous online measurements to be saved and processed.

Particulate emissions were measured using a Dekati (Tampere,
Finland) 3 stage low pressure impactor with 10 lm, 2.5 lm, 1 lm
and filter collection stages. This method of particulate sampling
involves a known quantity of flue gas being drawn across the
impactor under isokinetic conditions and the weighing of impactor
plates and filter before and after testing. For this particular flue gas
stream and boiler combination a 9 mm diameter nozzle was
required for isokinetic sampling.

Before the research was started, a test to determine the amount
of leak air entering the system was conducted using mass balances.
It was found that approximately 12% leak air was entering the sys-
tem, mostly through the ignition and fuel entry and the ash
removal points. Any noticeable gaps were filled and as a result
the leak air was reduced to approximately 7%. Prior to all combus-
tion tests, the boiler was ignited and the temperature limited to a
set value at steady state using flue gas recirculation before the
commencement of tests. The amount of FGR needed to achieve
the set conditions varied depending on the test being conducted,
but once these conditions were reached the FGR was then held
constant. It was then run for one hour in this state, during which
the particulate and gaseous emissions were monitored. The fuel
feed rate was kept constant and all heat produced dissipated. The
experimental set up is shown in Fig. 1.

Pretest: A pretest was conducted to determine the optimum
total lambda which gave the lowest CO emissions on average dur-
ing combustion. Wood chips were combusted in the test setup
described above under the following conditions.

� Temperature in primary combustion chamber controlled using
flue gas recirculation to 1000 �C.
� Total lambda varied from 1.2 to 2.5 and the CO emissions

logged.
Once determined, the optimum total lambda value was used in
all subsequent tests. Three tests were conducted as follows to
determine the effect of primary lambda, temperature and overall
excess air ratio on emissions during the combustion of five bioen-
ergy feedstocks.

Test 1: Varying primary air ratio: the test method as described
above was employed using the following combustion conditions:

� Total lambda of 1.6 (i.e. total excess O2 of approx. 8%).
� Temperature in combustion chamber controlled using flue gas

recirculation to 1000 �C for wood and willow and 900 �C for
miscanthus, tall fescue and cocksfoot (due to ash melting at
higher temperatures).
� Primary lambda varied from 0.4 to 1.2 (0.4, 0.6, 0.8, 1.0 and 1.2).

Test 2: Varying temperature: test method as described above
using the following conditions:

� Total lambda of 1.6 (i.e. total excess air of approx. 8%).
� Temperature in the primary combustion chamber varied using

flue gas recirculation between 900 and 1100 �C (900, 1000
and 1100 �C).
� Three primary lambda values of 0.4, 0.8 and 1.2 were tested at

each temperature.
� Only one variable was changed at a time.

Test 3: Varying overall excess air ratio: test method as
described using the following conditions:

� Temperature in combustion chamber controlled using flue gas
recirculation to 1000 �C for wood and willow and 900 �C for
miscanthus, tall fescue and cocksfoot (due to ash melting at
higher temps).
� Constant primary lambda at optimum value discovered in test 1.
� Overall excess air ratio varied from 4%, 6%, 8%, 10% and 12%.

All emission data were collected and analysed using the Genstat
(VSN International, Hemel Hempstead, UK) statistical analysis soft-
ware and is expressed in units of mg/Nm3 @ 13% O2 (dry flue gas).
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3. Results

The chemical properties which potentially influence NOx and
particulate emissions are shown in Table 1. Statistical significance
was tested at p < 0.001.

The Nitrogen content of wood (0.16%) was significantly lower
than all other biomass types. That of miscanthus (0.33%) was sta-
tistically greater than wood but significantly lower than willow
(1.04%), cocksfoot (0.83%) and tall fescue (0.95%).

K, S and Cl are the main contributors to PM1 emissions. Tall fes-
cue had significantly higher levels of K (23,000 mg/kg) and S
(0.22%) than all other biomass types, while its Cl content (0.13%)
was second to that of miscanthus (0.14%). Cocksfoot also had rela-
tively high levels of all 3 PM1 forming elements with 19,400 mg/
kg K, 0.12% Cl and 0.2% S. Wood with K values of 900 mg/kg,
0.03% and 0.02% respectively, and willow with K, Cl and S contents
of 1400 mg/kg, 0.06% and 0.05% had significantly lower concentra-
tions of each element than all other biomass types, with miscant-
hus having intermediate values of K (4810 mg/kg) and S (0.07%)
but also the highest Cl content at 0.14%.
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3.1. Pretest

The lowest CO emission levels (on average 18 mg/Nm3) were
achieved at a primary lambda of approximately 1.6, which equates
to an overall excess air of approximately 8% (Fig. 2). A very narrow
range of CO emission levels was seen for all fuels combusted with
the highest being an average of 78 mg/Nm3 from tall fescue
combustion.
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Fig. 3. The effect of primary lambda on NOx emissions from biomass combustion.
3.2. Primary lambda

NOx emissions from the five Bioenergy feedstocks used in the
tests were directly proportional to the quantity of fuel bound nitro-
gen in each feedstock. There was an easily identifiable trend (Fig. 3)
for each fuel with NOx emissions highest at the two extremes of
primary air ratio, reaching their lowest values at a primary lambda
of 0.8. For wood, NOx emissions decreased significantly, by
approximately 15% from a maximum of 167 at a primary lambda
of 0.4 to a minimum of 142 mg/Nm3 at 0.8 primary lambda. The
highest percentage reduction in NOx emissions was observed when
miscanthus was burned with a significant decrease in NOx emis-
sions of 30% from lambda 1.2 (211 mg/Nm3) to lambda 0.8
(147 mg/Nm3). A reduction of 27% was achieved used staged air
combustion for willow, while tall fescue and cocksfoot showed
Table 1
Chemical composition of biomass fuels (d.b. [except Moisture content, w.b.], wt%).

Wood Willow Cocksfoot Tall
fescue

Miscanthus

Calorific value
(MJ/kg)

20.09 19.52 18.42 18.36 18.59

Moisture content (%) 9.2 10.4 10.2 9.8 9.6
C content (%) 50.18 48.73 48.04 48.71 48.83
H content (%) 6.08 5.85 5.67 5.94 6.31
Ash content (%) 0.31 2.22 6.12 4.96 3.56
Nitrogen content (%) 0.16 1.04 0.83 0.95 0.33
Cl content (%) 0.03 0.06 0.12 0.13 0.14
S content (%) 0.02 0.08 0.2 0.22 0.07
Si content (mg/kg) 390 480 11,600 12,300 4970
K content (mg/kg) 900 1400 19,400 23,000 4810
Ca content (mg/kg) 2700 3450 4760 4920 2300
Na content (mg/kg) 120 150 1730 2110 750
Mg content (mg/kg) 326 269 1825 1740 450
reductions of 19% and 28% respectively. For tall fescue the NOx

emission value of 236 mg/Nm3 at 0.8 lambda was significantly
lower than for all other lambda levels, while in both willow and
cocksfoot the lowest NOx emissions were recorded at 0.6 and 0.8
lambda with no significant difference between these two primary
lambda values. The reductions in NOx emissions achieved by alter-
ing primary lambda (wood (25 mg/Nm3) to willow (119 mg/Nm3))
were related to the quantity of fuel bound nitrogen in the feed-
stock. However, the percentage reduction in NOx emissions was
unrelated to fuel bound nitrogen.

Fig. 4 shows the particulate emission trends from the air staging
experiments. As can be seen in Fig. 4a there is again a trend show-
ing highest PM1 emissions at the 2 extremes with lowest emission
values at 0.8 primary lambda. For wood, PM1 emissions reduced
significantly, by 26% from a high of 17 mg/Nm3 at 1.2 primary
lambda to a low of 12 mg/Nm3 at 0.8 lambda. This was the highest
percentage reduction of all the fuels evaluated. PM1 emissions
from willow reduced by 21% from primary lambda 1.2 (124 mg/
Nm3) to 0.8 (97 mg/Nm3) (significant at p < 0.001). Particulate
emissions from miscanthus were significantly reduced by 20%
from 101 mg/Nm3 at 1.2 lambda to 81 mg/Nm3 at 0.8. For tall fes-
cue and cocksfoot, air staging gave a significant PM1 reduction of
20% and 16% respectively from highs at 1.2 lambda to lows at 0.8
primary lambda. Fig. 4b and c shows the effects of primary lambda
on the different particulate size distributions. Particulate emissions
reductions achieved through air staging were proportional to the



Fig. 4. Effect of primary lambda on particulate emission for (a) PM1, (b) PM 1–10 lm and (c) PM > 10 lm.
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quantities of potassium in the bioenergy feedstocks. The percent-
age reductions in PM1 (wood (26%) to cocksfoot (16%)) were inver-
sely related to the levels of total particulate emissions from each
feedstock. Similar trends to PM1 were observed for all particulate
size fractions with lowest values occurring at approximately 0.8
primary lambda and reductions of the order of 20% possible with
the appropriate air staging strategy. At the PM1 size range there
were significant reductions achieved by the use of air staging for
all fuels. In both the PM 1–10 lm and PM > 10 lm statistically sig-
nificant reductions were only found for tall fescue and cocksfoot.
3.3. Temperature

The results of Test 2 on the effects of temperature on NOx and
PM1 emissions are shown in Table 2. This test was only completed
for wood, willow and miscanthus, as at temperatures above 900 �C
a large degree of ash melting was found in tall fescue and cocksfoot
meaning that consistent, steady state combustion could not be
achieved. As can be seen, for wood, there was no discernible pat-
tern of NOx or PM1 either increasing or decreasing when tempera-
ture was changed in the primary combustion chamber. There was
no significant difference between the NOx or PM1 emissions at the
three different temperature levels. The lowest NOx and PM1
Table 2
Effect of primary combustion zone temperature (degree Celsius) on NOx and PM1

emissions (values in mg/Nm3 @ 13% O2).

Wood Willow Miscanthus

NOx PM1 NOx PM1 NOx PM1

0.4 900� 168 20 342 108 152 84
1000� 166 16 343 103 173 99
1100� 163 21 361 112 216 131

0.8 900� 157 19 348 98 148 79
1000� 162 15 351 94 149 92
1100� 151 20 355 105 201 118

1.2 900� 162 18 396 103 196 91
1000� 179 15 452 99 211 101
1100� 159 20 459 107 255 129
emissions were obtained at a primary lambda of 0.8 lambda,
irrespective of temperature, as would be expected from air staging
as reported above. Similar results were obtained for willow with no
distinct patterns based on temperature differences emerging and
no significant differences was found between average NOx or
PM1 values at the different temperatures tested. For miscanthus
at 1,100 �C the average NOx (224 mg/Nm3) values were signifi-
cantly higher than equivalent values at 1000� (177 mg/Nm3) and
900 �C (165 mg/Nm3). This was also true for PM1 with values of
126 mg/Nm3 at 1,100 �C statistically higher than 97 mg/Nm3 and
85 mg/Nm3 at 1000� and 900 �C respectively. Results of a similar
pattern were seen for particulate matter in the size ranges greater
than 1 lm.

3.4. Overall excess air ratio

Test 3 was used to investigate the effects of overall excess air
ratio on NOx and particulate emissions and the results are shown
in Fig. 5. There are no significant differences between the NOx

emissions at the different excess air ratios for any of the fuels
tested. NOx values from wood ranged from a high of 137 mg/Nm3

at 8% excess O2 to a low of 129 at 6% excess O2. Similarly low
NOx values were seen for all other fuels with a difference between
the highest and lowest emission value of just 8 mg/Nm3 (willow),
7 mg/Nm3 (miscanthus), 8 mg/Nm3 (tall fescue) and 5 mg/Nm3

(cocksfoot). Overall excess air ratio had no significant effect on
PM1 for any of the fuels tested.
4. Discussion

Emissions of NOx during the study were proportional to fuel
nitrogen content as predicted by Sommersacher et al. [1].
However, we found no relationship between percentage NOx

reduction and fuel nitrogen content although the magnitude of
the reduction in NOx emissions was related to fuel-N content. In
our study, reductions in NOx emissions of up to 30% were found
to be possible using primary air staging, lower than the percentage
reductions previously reported. The lower percentage reductions
in NOx emissions which we found together with the lack of a
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relationship between fuel nitrogen and percentage reduction in
NOx emissions in our study may be a consequence of low residence
time in the primary combustion chamber (ranging from 0.28 to
0.32 s). Biedermann [16] reported that NOx reduction efficiency
increases with increasing residence time in the primary combus-
tion chamber and that a residence time of 0.7 s was required while
Nussbaumer [10] reported that residence times greater than 0.3–
0.5 s was required to optimise NOx reduction. After a review of
available literature on air staging, Biedermann [16] concluded that
primary combustion chambers in residential heating boilers are
often too small (short residence time) for efficient NOx reduction.

Lowest NOx emissions were recorded at a primary lambda of 0.8
according to the results presented in this paper. Biedermann et al.
[16] reported that minimum NOx emissions occurred at a primary
lambda of 0.7–0.9 in medium sized boilers while Nussbaumer [3]
reported that NOx emissions were minimised at a primary lambda
of 0.7. Houshfar et al. [11,17] reported optimum primary excess
ratios of 0.8 to 0.95. Thus, our own results and other studies sug-
gest that NOx emissions are minimised at a primary lambda
slightly less than 1. Critically, the optimum primary lambda was
the same for all of the fuels tested in this study irrespective of fuel
nitrogen content within the range of fuels used in this study.
Similarly, Houshfar et al. [17] investigated the effect of primary
air on the NOx emissions from the combustion of a range of fuels
and mixtures with a wide range of nitrogen contents and found
that the optimum primary air ratio for all fuels and mixtures was
0.9–0.95, the only exception being one mixture where melted
ash had an effect on combustion. Hence, it would appear that the
optimum primary air ratio is independent of the fuel used for
any given technology whereas the actual primary air ratio at which
NOx emissions are minimised is a characteristic of the technology/
boiler design.

It was shown that PM1 emissions could be reduced by up to 26%
by adjusting primary air ratio. This reduction is caused by a decrease
in the conversion of potassium to volatiles in an atmosphere with
limited oxygen. The majority of the potassium in the fuel remains
as a salt and thus ends up in the grate ash fraction rather than as a
particulate emission [3]. Nussbaumer [3] showed that a TSP reduc-
tion by a factor of 5 is possible by optimising primary air ratio.
Lamberg et al. [15] found that PM1 emissions could be reduced from
12.2 mg/MJ to 3.0 mg/MJ by primary air reduction and attributed
the reduced particulate emissions to a decrease in the temperature
of the primary combustion zone and to a consequent reduced
volatilization of alkali metals in the fuel bed. For all fuels, particulate
emissions were minimised at a primary air ratio of 0.8 suggesting
that the optimum primary air ratio for particulate emission reduc-
tion is determined by the technology rather than the fuel. In our
study, emissions of both NOx particulates were minimised at the
same primary air ratio in spite of the fact that different mechanisms
are involved in each case. This finding suggests that the reducing
atmosphere in the primary combustion chamber which minimises
NOx emissions is also conducive to the reduction of particulate
emissions through an effect on temperature as suggested by
Lamberg at al. [15]. Particulate reduction efficiency decreased from
26% for the fuel with the lowest particulate emissions to 16% for the
fuel with the highest particulate emissions. As discussed above for
NOx emission reductions, this effect may have been caused by
inadequate residence time in the primary combustion chamber.

Skreiberg et al. [18] working on single pellets with no air stag-
ing reported that emissions of nitric oxide from wood particles
increased with increasing temperature up to 1073 K before
decreasing. In contrast, Houshfar et al. [11] found that changing
temperature from 850 to 1000 �C had no effect on NOx emissions
when demolition wood with a nitrogen content of 1.06% was com-
busted in a grate combustion multifuel reactor. We found that
temperature had no effect on particulate and NOx emissions from
wood combustion. However, emissions of NOx from miscanthus
increased with increasing temperature when miscanthus was
burned while a weaker effect was observed for willow. Thus, this
effect was unrelated to fuel nitrogen content as the nitrogen con-
tent of the miscanthus used in this study was lower than that of
willow. In the case of miscanthus, increased emissions at higher
temperatures may be related to poor combustion conditions once
ash begins to melt as miscanthus has a relatively low ash melting
temperature. In any case, the results suggest that emissions of both
particulates and NOx can be minimised by using lower tempera-
tures circa 900 �C. This result may well be technology specific as
Nussbaumer [3] concluded that much higher temperatures were
necessary for optimum NOx reduction, Biedermann et al. [16]
reported that a minimum temperature of 800 �C in the primary
combustion chamber was necessary for reduced NOx emissions.

Biedermann et al. [16] reported from Austrian work that NOx

emissions decreased with total air ratios. Houshfar et al. [11]
reported that NOx emissions increase total excess air up to a value
of approximately 1.5 before decreasing. In contrast, Lamberg et al.
[15] found that particulate emissions increased when secondary
air supply was decreased and concluded that sufficient input of
secondary air together with good mixing is important to reduce
particulate emissions. However, our results show that for this tech-
nology no further reduction in emissions is possible by adjustment
of secondary air once the optimum primary air ratio is used. Again,
this result may well be technology specific. There was no physical
separation between the primary and secondary combustion cham-
bers in the boiler used for the tests described in this study.
5. Conclusions

Pollutant emissions from the combustion of a range of
Bioenergy feedstocks can be reduced using air staging strategies.
Emissions of particulates and oxides of nitrogen can be minimised
by optimising primary air ratio and by keeping the temperature in
the primary combustion chamber at approximately 900 �C. Both
particulate and NOx emissions were minimised at a primary
lambda of 0.8, optimum primary lambda value was independent
of biomass feedstock. Reductions in NOx and particulate emissions
of up to 30% were shown to be possible in this study; further
reductions may be possible in biomass combustion systems with
long residence times in the primary combustion chamber.
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