
 

 

Abstract.  The interest for biomass as a renewable energy source has 
risen in the last few years because it is a good substitute for the polluting 
fossil fuels. However, the combustion of biomass is limited in the 
province of Quebec due to regulations. In fact, combustion of agricultural 
biomass in stoves of less than 3 MW is prohibited due to lack of 
knowledge on gaseous emissions. Combustion in higher output stoves is 
accepted but with emission limits more stringent than that for wood. The 
purpose of this study was to characterize and compare gaseous and 
particulate (PM) emissions from the combustion of agricultural 
(switchgrass, willow and dried solid fraction of pig manure (SFPM)) and 
forest (wood mixture of black Spruce and jack Pine) biomass in a 60,000 
BTU/h (17.58 kW) output pellet stove at three different burning rates. 
Concentrations of CO2, CO, CH4, NO2, NH3, N2O, SO2, HCl, and H2O 
were analysed by Fourier transform infrared spectroscopy (FTIR) and 
converted into emissions. Opacity was evaluated and PM was sampled. 
Results were statistically analysed by the SAS MIXED procedure. SO2 
emissions from SFPM and switchgrass combustion were significantly 
higher than from the wood and willow. NO2 emissions from switchgrass 
were significantly higher than from the wood. In addition, the PM 
emissions from SFPM were significantly higher than from the three other 
biomasses. No more other significant differences were detected 
(P<0.05). Therefore, further studies should be made so that regulations 
could be adapted to accept combustion of agricultural biomass in stoves 
of less than 3 MW. 
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Introduction  

Climate change and rising of energy cost, associated with decreasing fossil energy stock, are 
incentive to the development of new green technologies using renewable resources. Among 
those, combustion of biomass fuels is a good way to produce a sustainable energy by heat or 
electricity. Indeed, combustion of biomass in replacement of fossil fuels contributes to the 
reduction of greenhouse gases (GHG) emissions (Demirbas, 2009). In fact, carbon emitted 
during the combustion of biomass was beforehand absorbed by the plant during its growth: it is 
said carbon neutral. Forest biomass is already used as fuel in many industrial and domestic 
applications. Recently, the interest for agricultural biomass in replacement of fossil fuels has 
increased. Agricultural biomass can include: (1) agricultural crop residues such as cereal 
straws; (2) short-rotation herbaceous (switchgrass, miscanthus) or ligneous (fast growing 
willow) species; and (3) animal manure such as poultry litter and the solid fraction of pig 
manure. The use of such biomasses as fuel is a good way for farmers to exploit their marginal 
lands, to diversify their incomes and to produce sustainable energy on the farm in order to be 
independent of fossil fuels.  

However, in the province of Quebec (Canada), combustion of agricultural biomass in stoves of 
less than 3 MW is prohibited due to lack of knowledge on gaseous emissions. Since June 2011, 
combustion of agricultural biomass fuels in higher output stoves is accepted but emission limits 
are more stringent than for wood combustion (MDDEP, 2011). In fact, a study realised by 
Godbout et al. (2010) showed that emissions from wood combustion are well documented; at 
the opposite, there is little information available in the scientific literature concerning emissions 
from the combustion of agricultural biomass fuels.  

The process of biomass combustion involves a number of physical/chemical aspects of high 
complexity (Van Loo and Koppejan, 2008). Combustion occurs when air and fuel are mixed 
together and the ignition temperature is reached. During the processes, when complete 
combustion is reached, carbon (C) is oxidized to carbon dioxide (CO2), and hydrogen (H) is 
oxidized to water (H2O), producing energy as heat at elevated temperatures (Demirbas, 2009).  
Furthermore, other compounds released from the complete combustion are: nitrogen oxides 
(NOx, mainly NO and NO2), nitrous oxide (N2O), sulphur oxides (SOx, mainly SO2), hydrogen 
chloride (HCl), PM and heavy metals. However, the gaseous emissions from the combustion 
process are influenced by many factors e.g. an overall lack of available O2, an inadequate 
mixing of air and fuel in the combustion chamber, too low combustion temperatures, and too 
short residence time. Such factors can lead to the formation of incomplete combustion 
compounds including carbon monoxide (CO), methane (CH4), non-methane volatile organic 
components (NMVOC), polycyclic aromatic hydrocarbons (PAH), PM, ammonia (NH3), and 
ozone (O3). Those compounds have undesirable impact either on climate, environment, or 
health (Van Loo and Koppejan, 2008).  

The purpose of this study was to characterize and compare the gaseous and particulate 
emissions from the combustion of agricultural and forest biomass fuels in a small scale unit. 
Thus, the emissions of the combustion of three biomasses selected for having the greatest 
potential of development in the province of Quebec (i.e. switchgrass, fast growing willow, and 
dried solid fraction of pig manure (SFPM)) were compared to the emissions of the combustion of 
a wood mixture of black Spruce and jack Pine (reference biomass). Gases concentrations were 
analysed by Fourier transform infrared spectroscopy (FTIR) and converted into emissions on a 
dry basis. Opacity was evaluated and particulate matter (PM) was sampled. At the end, results 
were statistically analysed by the SAS MIXED procedure.  



 

 
 

Materials and Methods  
Properties of biomass fuels 
Four biomasses were tested: switchgrass, fast growing willow, dried solid fraction of pig manure 
(SFPM), and commercial wood pellets (mixtures of black Spruce and jack Pine pellets), which 
was used as the reference. The four biomasses were pelletized. Chemical properties of 
biomass fuels (proximate and ultimate analysis) and biomass ashes (elementary composition) 
were measured in laboratory. Elemental composition of ashes was achieved by X-ray 
fluorescence (XRF). C and N content of biomass were evaluated with gravimetric methods and 
Cl content by silver nitrate titration at the IRDA laboratory (Quebec, Canada). Physical 
properties of biomasses including ash content, gross calorific value, humidity content and bulk 
density were determined in laboratory according to ASTM standards. 

Experimental setup 
The experiments were carried out in a 60,000 BTU/h (17.58 kW) output biomass pellet stove 
(Enviro Omega model designed by Sherwood Industries Ltd. in British Columbia, Canada). The 
stove control board allowed five different heat output levels, from 1 (minimal rate) to 5 (maximal 
rate). The input air flow was controlled by a damper which restricted the air flow conducted into 
the combustion chamber. The damper was adjusted to obtain three different flows (1/3, 2/3 and 
maximum). The stove was installed on a scale (Adam, GFK 1320a, +/- 0.05 kg precision) which 
collected weight at five minutes intervals during the combustion process. Combustion rate was 
determined by the difference of the stove’s weight between the beginning and the end of each 
trial, divided by the time period of the burning test. In order to determinate the heat produced 
from every biomass in relation to their calorific values, the burner was installed into a 
calorimetric room (1.96 m x 1.52 m x 1.91 m) isolated with polyurethane in order to minimize 
heat losses and the heat balance was done. At the end of each test, the bottom ashes in the 
stove and the fly ashes in the chimney were collected and weighed in order to compare the ash 
produced during the combustion process with the ash content of the evaluated biomass fuels.  

Instrumentation 
One Fourier transform infrared spectrometer (FTIR) (model FTLA2000 from ABB Bomem) was 
used to analyse concentrations (ppmv) of nine gases (CO, CO2, CH4, NO2, N2O, NH3, HCl, SO2, 
and H2O) during the experimental tests. The sample probe was inserted into the vertical 
chimney, 764 mm downstream of the elbow at the exit of the stove and 3379 mm upstream of 
the horizontal chimney. The sample was drawn at a constant rate of one litre per minute with a 
diaphragm pump into a heated stainless steel tube. A valve on the sample line was opened 
each 5 minutes for 30 seconds to fill a 4Runner gas cell from CIC Photonics previously 
maintained under vacuum. The sample was kept no flowing for 2.5 minutes to allow the 
software IRGAS 100 from CIC Photonics to acquire spectra and to make gases quantification 
each 18 seconds. Then the cell was brought back online with the vacuum pump until the suction 
of the next sample.  

The EMS750 dust monitor from Environmental Monitor Service inc. was installed in the vertical 
chimney, 152 mm under the sample probe, to evaluate the opacity of the flue gas. (figure 1).  

LC CEM O2 analyser from Ametek/Thermox with an internal zirconium oxide cell was used to 
determine the O2 content of the flue gas in continuous.  

PM was sampled with glass fiber filters inserted in two aluminum filter holders installed at the 
entrance of the sample probe. The filters were weighted at the beginning and at the end of the 



 

 
 

trial. Flows measured in the probe were about 1 litter per minute. Then, semi-quantitative PM 
emissions were calculated in mg m-3.  

 
Figure 1. Vertical chimney  

Experimental design  
In order to test the biomass fuels under the own maximal combustion efficiency, preliminary 
experiments were carried out allowing to determinate the ideal input air flow. The slider damper 
of the pellet stove was adjusted (max., 2/3 and 1/3) to obtain three different flows. Each 
biomass was burned during two hours at three heat output levels (rates 2, 3 and 5 on the stove) 
for each air flow setting (including one hour for the stabilisation of the burning conditions). This 
experimental design was based on the standard ASTM E 2779 (2010), where a test run 
comprises three burning rate segments (minimum, medium and maximum). Biomass fuels were 
burned randomly (one biomass per day) and CO concentration in the flue gas was analysed 
(only one repetition was done for this preliminary tests). In fact, CO is produced by the 
incomplete combustion of the fuel and is usually used as a parameter to indicate the 
combustion efficiency. The lower the emissions of CO, the more complete the combustion will 
be (Verma et al., 2010). 

Final tests were carried out at the three heat output levels only with the air flow rates showing 
the lowest CO concentration in the flue gas for each heat output level during the preliminary 
tests. Three repetitions were done for each biomass. Each repetition included the combustion of 
the biomass fuel at the three different burning rates for 50 minutes. Data were collected only 
after the biomass fuel was burned during one hour in order to achieve the stabilisation of the 
burning conditions at each burning rate. Then, one data for each five minutes was collected and 
the arithmetic mean was done, resulting to a single concentration value in ppmv.  

Gas concentration conversion into mass emission 
Knowing the combustion rate and the flow of the flue gas, concentrations (ppmv) were converted 
into mass emission (g kg-1

biomass) using equation 1 (Environment Canada, 2009). 
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Where, Ci = Concentration of substance i in the flue gas (ppmv); ρair = density of air at standard 
conditions = 1.29 kg m-3; Qflue_gas (dry, TPN) = Flue gas flow at standard condition for temperature 
and pressure (STP) and on a dry basis (m3 minute-1); MMi = Molar mass of compound i (g mol-1); 
MMair = Molar mass of air = 29.95 g mol-1 (Environment Canada, 2009); CR = Combustion rate 
(kgbiomasse h-1).           

Flue gas flow calculation 
Flue gas flow was calculated indirectly. A horizontal chimney (152 mm diameter) was installed 
to intersect the vertical chimney (102 mm diameter) which evacuated the flue gas from the stove 
(figure 2). Additionally, a fan was installed at the entrance of the horizontal chimney, taking fresh 
air flow in the attic (varying between 1.27 and 1.58 m3 min-1) measured by the flowmeter 2. 
Then, a mixture of fresh air and flue gas was evacuated and the flow was measured with the 
flowmeter 1 (figure 1). Knowing these values, the flue gas flow could be calculated by 
difference. 

Flowmeters were homemade iris dampers. The pressure difference upstream and downstream 
of the iris damper was measured as an electrical signal (in mV) by a pressure sensor (Kimo®, 
model CP-50) connected to the data logger. Data were recorded each 10 minutes. Each iris was 
beforehand calibrated with a rotameter: fresh air flows were taken through the iris, then 
electrical signals were associated to an air speed and a calibration graph was plot.  

Calibration was done with air at 15 oC. Since flue gas passing through the iris has higher 
temperatures in experimental conditions, a correction for the temperature was done (eq. 2) 
(Cloutier and Lazure, 2003). 
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calactualcalactual TTQQ ×=                            [2]               

Where, Qactual = real flue gas flow in experimental conditions (m3 minute-1). Qcal = flue gas flow 
measured, based on calibration graph (m3 minute-1). Tactual = temperature at the iris during 
combustion (K). Tcal = temperature during calibration = 288 K.  
 
Each flow was converted to standard conditions for temperature and pressure (STP) (273.15 K 
and 1 atm) on a dry basis following equation 3 (Environment Canada, 2009).                      
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Where, Qiris (dry, STP) = flue gas flow at iris converted to STP conditions, on a dry basis (m3 min-1). 
Pactual = actual pressure at iris (1 atm). FVH2O = fraction water vapour in the flue gas.      
                       
When flows were known, it was possible to calculate experimental flow of the flue gas at the exit 
of the stove following equation 4: 

),(2),(1),(_ STPdryirisSTPdryirisSTPdrygasflue QQQ −=                                                 [4]         



 

 
 

Where, Qflue_gas (dry, STP) = flue gas flow at the exit of the stove for STP conditions and on a dry 
basis (m3 min-1). Qiris 1 (dry,STP) = flue gas flow at iris 1 for STP conditions and on a dry basis (m3 
min-1). Qiris 2 (dry,STP) = flue gas flow at iris 2 for STP conditions and on a dry basis (m3 min-1).  

 
Figure 2. Experimental setup: top view 

Results 

Properties of biomasses 
As expected, proximate analysis done in laboratory reveals that wood pellets has the lowest ash 
content at 1100 oC (0.36%) and the highest dry matter content (94.5%) among the experimental 
biomass fuels (table 1). Bulk density is the highest for SFPM (1.26 g cm-3) and the lowest for 
switchgrass (0.94 g cm-3).  

The ultimate analysis showed that Cl and N content of agricultural biomasses is higher than for 
wood (table 1). Thus, the higher content of Cl and N in biomass can lead to the formation of HCl 
and NOx during the combustion process (Van Loo and Koppejan, 2008). Moreover, the high Cl 
content of biomass fuel raises concerns regarding corrosion (Demirbas, 2003). C content is 
higher in wood than in agricultural biomasses (table 1). C content of biomass fuels is often 
associated to the calorific value. For example, SFPM contains both the lowest C content and the 
lowest gross calorific value.  

SO3 in ash is considered as a good indicator of the S content in the fuel. Table 1 shows that 
SFPM contains much more S than the other biomasses.  Wood is the biomass that contains the 
fewest ash-forming elements; that was expected because of its low ash content. 

 

 

 

 

 



 

 
 

Table 1. Characteristics of experimental pellets  

Experimental combustion tests results 
Combustion parameters are given in table 2. Combustion rates varied between 0.98 and 3.25 
kg h-1. Combustion rate of switchgrass was the lowest because of the low bulk density of the 
pellets. As expected, the higher the heat output level, the lower the O2 proportion in the flue gas 
because more O2 was consumed in the combustion process. Excess air (varying between 2.4 
and 12) is high; Van Loo et Koppejan (2008) recommend excess air about 1.5 to ensure an 
efficient combustion. 

Emissions of CH4, CO, CO2, NO2, N2O, NH3, HCl, and SO2 from the combustion of biomass 
fuels are listed in table 3. Multiple comparison tests on averages (contrasts) were done with the 
MIXED SAS procedure (Littell et al., 2006). For each gas, and for each heat output level, 
emissions that are associated to different letters are significantly different (P < 0.05).  

CH4 emission showed no significant difference at heat output levels 2 and 3 however, 
switchgrass combustion emission at the maximum combustion rate was significantly lower than 
for the three other biomasses. Globally, the multiple comparison tests showed that CH4 
emission from the willow and wood combustion was higher than from switchgrass combustion. 
CH4 is an incomplete combustion product. So, these results prove that the combustion was 
done in the best combustion conditions for switchgrass, particularly at the maximum combustion 
rate.  

For CO, no significant difference was detected between emissions at heat output levels 2 and 5. 
But at level 3, emission from switchgrass and wood was significantly lower than from SFPM and 
willow combustion. Globally, CO emissions from switchgrass combustion were significantly 
lower than from willow combustion. CO being an incomplete combustion gas, the same 
conclusion as for CH4 could be drawn. On the other hand, CO2 emission, a complete combustion 
product, showed no significant difference (α = 0.05) between the biomass fuels for each level. 

 

 

Parameter Wood SFPM Switchgrass Willow 
Proximate analysis 

Dry matter (%) 94.5 92.0      92.8 92.4 
Volatil matter (%) 99.6 91.2      96.0 96.3 
Ash at 1100oC (%) 0.36 8.80        3.99 3.70 
Bulk density (g cm-3) 1.10 1.26 0.94 1.00 
Gross calorific value (MJ kg-1) 17.9 15.6      18.7 18.0 

Ultimate analysis 
Cl (mg kg-1) 13.8 3 053      129 34.4 
C (%) 47.1 40.5 43.5 45.1 
N (%) 0.11 2.26      0.62 0.58 

Elemental composition of ash 
SO3 (%)   0.008   0.834   0.090   0.145 
K2O (%)   0.047   1.32   0.229   0.588 
MgO (%)   0.028   0.699   0.153   0.159 
SiO2 (%)   0.041   0.986   2.400   0.716 
CaO (%)   0.153   1.95   0.624   1.370 
Na2O (%)   0.011   0.344   0.034   0.034 
Al2O3 (%)   0.014   0.180   0.168   0.153 



 

 
 

Table 2. Combustion parameters as function of biomass and heat output level  
 Wood SFPM Switchgrass Willow 

H.O.L 5 3 2 5 3 2 5 3 2 5 3 2 

Bot. ash  
(%) 0.90 10.2 4.1 4.1 
CR 
(kg h-1) 3.25 1.83 1.20 3.08 1.86 1.05 2.62 1.53 0.98 2.98 1.99 1.33 
Qair_stove 
(m3 min-1) 0.23 0.20 0.21 0.23 0.22 0.19 0.26 0.22 0.23 0.22 0.22 0.18 
Qgas, STP 
(m3 min-1) 0.63 0.53 0.60 0.74 0.72 0.68 0.80 0.60 0.67 0.70 0.67 0.52 
T°gas      
(°C) 173 126 107 159 125 93 145 99 80 156 135 94 
O2  
(%) 14.7 16.2 18.4 15.8 16.6 18.7 16.6 17.7 19.3 16.0 17.2 18.2 
Air exces 
(%)  2.4 3.5 7.4 3.1 3.9 8.3 3.9 5.5 12 3.2 4.6 6.7 
H2Ogas    
(%) 6.2 4.7 3.3 5.3 4.5 3.2 4.7 3.6 2.5 5.5 4.0 3.1 

H.O.L: Heat output level; Bot. Ash: Bottom ashes collected; CR : Combustion rate; Qair_stove : Stove inlet air flow; 
T°air_in : Temperature at stove inlet; Qflue_gas,STP : Flue gas flow at the exit of the stove at STP; T°gas : Flue gas 
temperature; O2 : O2 content in the flue gas; H2Ogaz : Humidity content in the flue gas;  

Even if Cl content in switchgrass and SFPM is higher than for wood and willow (table 1), HCl 
emission showed no significant difference. The main fraction of Cl in biomass fuels could be 
retained in salts (KCl, NaCL) according to Van Loo and Koppejan (2008).  

The multiple comparison test for NO2 emissions showed no significant difference at heat output 
level 3 and 5. However, NO2 emissions from wood and willow at level 2 were significantly lower 
than for switchgrass. Globally, NO2 emission from switchgrass combustion was significantly 
higher than for the combustion of the three other biomasses.  For biomass combustion at 
temperature below 1300 oC, only NOx formed from elemental nitrogen content of the fuel is 
expected (Verma, 2010). Moreover, there would be a relation between N content of the fuel and 
NOx emission (Van Loo and Koppejan, 2008; Johansson et al., 2004). It is therefore normal that 
NO2 emission from wood combustion is the lowest and that switchgrass emits more NO2. 
Otherwise, N2O and NH3 emissions were very low and no significant difference was detected. 

SAS comparison tests indicated that SO2 emissions from wood and willow combustion were the 
lowest since no significant difference has been detected between the two. SO2 emission from 
SFPM was the highest while switchgrass emitted significantly more SO2 than wood and willow. 
SOx emission is a result of complete oxidation of fuel sulphur (Van Loo and Koppejan, 2008). 
The results of this study agreed with theory.   

Table 4 lists PM emission for two trials and the corresponding average for each biomass fuel. 
SAS multiple comparison tests done on the average showed that SFPM combustion emitted 
significantly more PM than the three other biomass fuels. That result was expected because ash 
content in SFPM is higher than in switchgrass, willow, and wood (8.8, 3.99, 3.7 and 0.36 
respectively). 

The average opacity varied between 1.86 and 6,37% (table 5). SAS multiple comparison test 
showed no significant difference for the three heat output levels. Furthermore, all opacity results 
are within the opacity limit specified by the Clean Air Regulation (< 20%) (MDDEP, 2011).  



 

 
 

Table 3. Gases emission (g kg-1) comparison from the combustion of the four experimental 
biomasses at three heat output level  
Biomass Heat output level Heat output level 

2 3 5 Average 2 3 5 Average 
CH4 NO2 

Wood 0.134 a 0.005 a 0.146 b 0.095 b 0.074 a 0.034 a 0.031 a 0.046 a 
SFPM 0.085 a 0.002 a 0.053 b 0.046 ab 0.643 ab 0.125 a 0.053 a 0.274 ab 
SG 0.058 a 0.002 a 0.003 a 0.021 a 0.868 b 0.357 a 0.085 a 0.437 b 
Willow 0.035 a 0.008 a 0.680 b 0.241 b 0.266 a 0.174 a 0.052 a 0.164 ab 
 CO N2O 
Wood 10.24 a 2.59 a 15.70 a 9.51 ab 0.000 a 0.000 a 0.000 a 0.000 a 
SFPM 20.78 a 8.22 b 16.54 a 15.18 ab 0.028 a 0.013 a 0.026 a 0.023 a 
SG 8.48 a 2.18 a 3.10 a 4.59 a 0.002 a 0.004 a 0.002 a 0.003 a 
Willow 12.57 a 11.10 c 29.72 a 17.80 b 0.015 a 0.013 a 0.017 a 0.015 a 
 CO2 NH3 
Wood 1 242 a  1 039 a  1 125 a  1 135 a  0.057 a 0.022 a 0.003 a 0.027 a 
SFPM 1 223 a  1 159 a  1 133 a  1 171 a  0.002 a 0.003 a 0.003 a 0.002 a 
SG 1 145 a  1 026 a  1 256 a  1 142 a  0.001 a 0.002 a 0.002 a 0.002 a 
Willow 1 059 a  1 079 a  1 099 a  1 079 a  0.002 a 0.007 a 0.002 a 0.004 a 
 HCl SO2 
Wood 0.009 a 0.006 a 0.006 a 0.007 a 0.451 a 0.264 a 0.328 a 0.348 a 
SFPM 0.012 a 0.006 a 0.004 a 0.007 a 4.226 c 4.005 c 4.222 c 4.151 c 
SG 0.014 a 0.006 a 0.006 a 0.008 a 1.413 b 0.900 b 1.093 b 1.135 b 
Willow 0.001 a 0.001 a 0.001 a 0.001 a 0.347 a 0.265 a 0.517 a 0.377 a 

SG = switchgrass; Signification level α = 0.05; For each component, and for each output level, gases emissions 
associated to different letters are significantly different 
 
Table 4. Semi-quantitative PM emission (mg m -3) comparison 

 Trial 1 Trial 2 Average 
Wood - 37 37 a 
SFPM 145 137 141 b 
Switchgrass 31 46 39 a 
Willow 67 58 63 a 

Signification level α = 0.05; PM emissions associated to different letters are significantly different 
 
Table 5. Opacity of the smoke (%) comparison 

 Heat output level 
2 3 5 Average 

Wood 0.72 a 1.00 a 9.23 a 3.65 
SFPM 3.01 a 2.56 a 3.38 a 2.98 
Switchgrass 5.60 a 6.05 a 7.46 a 6.37 
Willow 0.00 a 0.63 a 4.94 a 1.86 

Signification level α = 0.05; For each output level, opacities associated to different letters are significantly different 



 

 
 

Conclusion 
The tests results showed that in the combustion conditions on a comparative basis, no 
significant difference was found between CO2, CO, N2O, HCl and NH3 emissions from the 
combustion of the agricultural biomass fuels and wood. NO2 emissions were greater from the 
agricultural biomass fuels than from wood combustion. However, this difference was significant 
only for switchgrass. SFPM emitted the most significant SO2, bottom ash and PM quantities. 
Thus, a special careful has to be done to the use of manure as fuel. Furthermore, the amount of 
bottom ash produced from the agricultural biomass fuels was significantly higher than from 
wood, ranging from 4 to 10 times. Overall, results demonstrated that the quantity and 
characteristics of gaseous emissions and ash are closely related to fuel characteristics. This 
highlights the importance of establishing a strict framework in the development and manufacture 
of fuels from agricultural sources. 
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