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Abstract 5 

Increasingly large quantities of biomass are being transported and stored for use in bioenergy 6 

applications. This large storage of biomass is liable to undergo self-heating sometimes 7 

leading to ignition and fire. Numerous studies on both the laboratory scale and by using 8 

theoretical analyses have been made in order to predict their behaviour but these are made on 9 

the basis of a number of simplifying assumptions. It is clear from studies reported here of 10 

self-heating in 40 kt storage piles of wood pellets that the process is much more complex than 11 

the simpler models suggest since thermal waves are observed. 12 

Keywords: biomass; large scale storage; self-heating 13 

1.  Introduction 14 

Stored combustible fuels such as coal [1] and biomass [2-5] are liable to self-heat 15 

which can, under certain conditions, lead to ignition. This phenomenon has been known for 16 

many years and the first theoretical studies on the ignition of cellulosic materials [2-6] were 17 

based on earlier work relating to explosive ignition of gases; this work, particularly by Frank-18 

Kamenetskii, is cited in these references. In view of these hazards, regulations have been 19 

developed in most countries to govern the transportation and storage of these materials, and 20 

appropriate testing methods established to estimate the fire risk eg. [7,8]. In recent years, 21 

biomass is being used in much larger quantities, particularly for power generation [9], than 22 

was envisaged when these test methods were developed and this poses a number of additional 23 

safety issues. 24 

The technology for the safe handling of coal is well established, but this is not the 25 

case for the large scale transportation and storage of biomass. In addition there are a variety 26 

of types of biomass fuels which may be in the raw state, or processed into the form of pellets, 27 

or may be washed or torrefied. Although biomass shares many properties with coal, there 28 

remain many disadvantageous features such as a larger content of volatiles that can evolve at 29 
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lower temperatures than for coal. In addition, the porous nature of biomass, particularly in the 30 

pellet form, permits the ingress of oxygen and moisture which can increase the susceptibility 31 

to bacterial attack; this in turn can increase the possibility of self-heating and ignition. As 32 

biomass stockpiles increase in size this becomes even more of an issue and there have been 33 

several instances of fires in storage silos. Consequently, there is a need to improve our 34 

knowledge of the underpinning chemistry and physics of these events.  35 

Both experimental and theoretical approaches have been made of the ignition process 36 

which should be complementary, but often look at different aspects. In the former, self-37 

ignition temperatures and associated ignition induction times have been assessed by a 38 

standard method which utilizes different basket or heap sizes with the aim of extrapolating 39 

fuel behaviour to large volumes representative of industrial silos or storage piles [7,8]. 40 

Thermogravimetric analysis techniques, which are less time intensive but use small samples, 41 

have been conducted and compared with this standard method to determine the relative 42 

ignition risks of different fuels [10-15]. 43 

The second approach is the use of theoretical studies which involve mathematical 44 

analysis of heat conduction and kinetic parameters in geometrically simple and isotropic 45 

systems [2,4,5]. More recently, detailed analyses have been made of large quantities using 46 

CFD methods [16-18]. These models, representing real situations are complicated by the fact 47 

that in addition to heat released by the oxidation of the fuel by the ingress of molecular 48 

oxygen, the role of moisture [19-21] and heat released by microbiological action have to be 49 

considered [19,22-27]. 50 

This paper aims to examine experimentally the pre-self-ignition behaviour of large 51 

scale (40 kt) storage units and to examine how it compares with theoretical analysis and 52 

laboratory tests. 53 

 54 

2. Materials and methods 55 

2.1 Materials used 56 

Most of the experiments were undertaken using compressed pine wood pellets but 57 

some laboratory measurements were using agricultural residues (Miscanthus, wheat or barley 58 

straw), and torrefied pellets consisting of mixed wood materials. The proximate and ultimate 59 

compositions of typical wood pellets are given in Table 1. The moisture content is 4.8 60 
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wt%.The size range of the pellets used is that typically 97 wt% of the pellets are in the range 61 

of 6.3 to 10 mm with a diameter in the range 6-10 mm, and their compact density as received 62 

is 698 kg/m3. 63 

 64 

Table 1. Typical Data for Ultimate and Proximate analysis of wood pellets 65 

 As received Dry basis 

Moisture % 4.8  

Ash % 2.5 2.5 

Volatile matter % 76.8 80.7 

Fixed carbon.% 16.1 16.8 

Carbon % 48.87 51.33 

Hydrogen % 5.61 6.1 

Potassium %  0.12 0.13 

Chlorine % 0.01 0.01 

Nitrogen % 0.28 0.29 

Sulphur % 0.02 0.02 

Gross CV MJ/kg 19.76 20.76 

 66 

2.2 Laboratory Studies 67 

The temperature changes resulting from the addition of water to the samples of pellets 68 

were determined using a thermocouple and a FLIR Model 6 infrared camera. The biomass 69 

samples were weighed into 1L polyethylene vessels and water added up to 40% (w/v). After 70 

the addition of the water, images were taken with an infrared camera monitoring the heating 71 

profile in each sample vessel for a period of 2-4 h.  72 

Measurements were made of the pH of water after it was added to the biomass. 10g of 73 

biomass samples were weighed into a 100mL glass beaker and 50mL of demineralised water 74 

(at 20oC) was then added to the beaker. pH measurements were made for 520 min using a 75 

Mettler Toledo SevenMulti pH meter. 76 

Thermogravimetric (TGA) analysis was undertaken using a Perkin Elmer STA6000 77 

instrument. Samples of ground pellet (< 80 µm) were used, and the sample sizes used for the 78 
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experiments were approximately 5mg. An initial temperature ramp of 2oC/min from 30-79 

900oC was used in a stream of nitrogen gas and the sample was then held at 900oC for 30 min 80 

in an air stream. The results were plotted using derivative weight loss (% loss/min) giving the 81 

characteristic peak temperatures, and the estimation of apparent first order pyrolysis kinetics 82 

as previously described [13,14]. 83 

 84 

2.3 Studies with Large scale (40kt) Biomass Storage  85 

Two large biomass stores, Pile A and Pile B, were studied each containing 40 kt of 86 

biomass but with slightly different depths (6-8 m and 10-13m respectively). A schematic 87 

aerial view of the geometrical shapes is shown in Fig. 1.  88 

 89 

 90 

 91 

 92 

 93 

 94 
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 97 

 98 

 99 

 100 

 101 

 102 

Fig. 1. Diagrammatic aerial view of the biomass stores. (a) Pile (A) depth: 6-8m over 103 

monitored area. (b) Pile (B) depth: 8-10m over monitored area. Numbers refer to sampling 104 

positions (in or above the bed). 105 

 106 

The volume in each case is about 52,600 m3 and the moisture content for these 107 

samples when loaded into the store was 7%. Both stores, which measured 30 m ê 50 m, were 108 
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filled to an even depth on three sides of the stores and take the natural angle of repose for 109 

biomass down to the base of the store (approx. 60°), the edge of the biomass is shown by the 110 

red line. Measurements of temperature and gas composition within the piles at varying depths 111 

were made by bundles of 5mm internal diameter PVC sampling tubes and K-type 112 

thermocouples. Temperature measurements were made from the floor (0 m) to the top of the 113 

pile at 1m intervals and gases at every 2 m intervals. Results are presented here from the 114 

sampling bundle, located in Pile A at location 11 and in Pile B at location 13, as shown in Fig 115 

1.  Samples were also taken above the bed at 1m intervals. The external ambient temperature 116 

was measured as were the relative Humidity and temperature at 1m above the bed. 117 

Samples of the volatile organic compounds emitted from the two piles were measured 118 

above the surface and within the bed using the ppb RAE 3000 Gas Detector. The 119 

concentrations of CO, CO2, O2, SO2 and flammable gases were analysed using a Drager Xam 120 

7000 instrument. Volatile organic compounds (VOC) were analysed by sampling tubes for 121 

formaldehyde, acetaldehyde, n-pentanal, n-hexanal, furfural and glutaraldehyde at a flow rate 122 

of 0.3L/min for 45min, and charcoal sampling tubes for terpenes, acetone, and butanoic and 123 

octanoic acids at a flow rate 0.2L/min for 60 min.  124 

The microbiological activity on spot samples of pellets taken at random from within 125 

Pile A and other Piles where heating was not observed were measured using dip slides. 10g 126 

of milled biomass sample was weighed with 40mL of demineralised water in a 50mL 127 

centrifuge tube at room temperature, and agitated for 2 min. The supernatant was then 128 

decanted on to the dip slides. Two types of were used, a sterile nutrient agar which grows 129 

bacteria, and a second which grows fungi, bacteria and yeasts. They were incubated for 48 130 

hours (72 h for yeast) at 30oC. The results are then compared visually with the growth guide 131 

supplied with the dip slides.  132 

The microbiological contents in air samples taken 0.5 m above the centre of the wood 133 

Piles at location 11 in Pile A and location 13 in Pile B were determined using a Sartorius 134 

AirPort MD8 portable air sampler. The total viable bacteria count (TVC) was made using 135 

Tryptone Soya Agar (TSA) and fungi (Sabourguard) agar plates for sample collection. The 136 

samples were taken at 125 mL/min for 4 min. The plates were incubated at 22oC for 3 days 137 

and provided information on the in-colony forming unit/plate for bacteria and the 138 

number/plate for fungi. 139 

 140 

 141 
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3  Experimental Results  142 

3.1 Laboratory Studies 143 

For the temperature-development studies the biomass samples were in the form of 144 

pellets, milled pellets, and pellet fines (dust) resulting from the pellet transportation. They 145 

were weighed into 1L polyethylene sample vessels and deionised water was added and the 146 

temperature rises were observed. The cases studied for the addition of 40% (w/v) of the 147 

samples are given in Fig. 2 and it was found that the temperature rises are similar for the 148 

different samples. The temperature rises observed are consistent with values calculated from 149 

the heat of wetting using the value of the heat of wetting given by Kajita et al. [21]. This 150 

experiment was repeated using straw but the temperature change in this case was very small 151 

and was not visible by the infra-red camera so are not shown here. 152 

 153 

 154 

Fig. 2. Change in temperature when biomass samples from pellets, crushed pellets and 155 

biomass ‘fines’ (dust) are added to water. 156 

 157 

It was observed there was a physical change in volume of the wood pellets due to 158 

water addition. Swelling of the pellets is seen with a 5%wt addition of water giving an 159 

increase of approximately 10% in volume; 40%wt water addition yields an approximate 80% 160 

increase in volume.  161 

The pH values resulting from the addition of water were measured for a number of 162 

samples of wood pellets from Pile B as well as samples of Miscanthus and straw. The wood 163 

samples consist of two normal wood pellets, material from a ‘hot spot’, and from a projection 164 
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on the surface of a Pile of a ‘chimney’ about 15 cm high which is thought to be due to 165 

moisture condensation. Similar ‘chimneys’ have been observed by others [27]. The data 166 

obtained are shown in Fig. 3. 167 

 168 

 169 

 170 

Fig. 3. Changes in pH when samples of wood, Miscanthus and straw pellets are added to 171 

water: 1, straw; 2, Miscanthus; 3, sample from hot spot in Pile B; 4, material from Pile B; 5, 172 

material from a ‘chimney’; 6, torrefied fuel. 173 

 174 

There are significant differences between the values for the wood and the straw and 175 

Miscanthus samples, the increase in acidity being greatest for the woods, and interestingly the 176 

most acidic samples are the torrefied and the ‘chimney’ sample. This arises in part because of 177 

the solution of KCl from the biomass; dilute KCl solution has a pH of 7 and becomes 178 

moderately acidic as it becomes more concentrated, and this is seen in Fig 3. Additionally 179 

organic acids are produced from the decomposition of hemicellulose and are probably the 180 

major factor. The increase in acidity in turn has an influence on the level of microbiological 181 

activity [23]. The straws however contain 0.87 wt% dry basis of K and only 0.24 wt% Cl and 182 

this would result in the effect of the alkalinity of the KOH produced countering the acidity of 183 

the KCl and organic acid formation. 184 

Thermogravimetric analysis (TGA) has been used as a means to examine the 185 

reactivity of fuels particularly in relation to self-heating. The activation energy, obtained 186 
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using an apparent first order reaction, has been considered to be an important parameter to 187 

distinguish the spontaneous combustion tendency of coals [12] and has been used in a similar 188 

way with biomass [12-15]. In the case of biomass, TGA is a useful method to give an 189 

indication of the amounts of the major components, hemicellulose, cellulose and lignin in the 190 

sample. 191 

 Such TGA plots were obtained for pyrolysis under a nitrogen atmosphere for wood, 192 

torrefied wood, straw and Miscanthus and these are shown in Fig. 4. The major peaks for 193 

cellulose are apparent for all four fuels, but in the case of the torrefied fuel the hemicellulose 194 

peak is absent; this is because the temperature required for the torrefaction process results in 195 

the decomposition and loss of the of the hemicellulose. 196 

 197 

 198 

Fig. 4. TGA data, derivative weight (%/min) against temperature, for the decomposition of: 199 

(1) wood (black); (2) torrefied wood (pink); (3) straw (purple); (4) Miscanthus (blue). 200 

 201 

Simultaneous thermal analysis of the wood sample was undertaken for 100 mol% air 202 

(79 mol% N2, 21 mol% O2) and a number of nitrogen/oxygen atmospheres (85 mol% N2, 15 203 

mol% O2; 90 mol % N2, 10 mol% O2; 95 mol% N2 ,5 mol%O2) and 100 mol% N2. The 204 

results for weight loss as a function of temperature are shown in Fig. 5 together with the DSC 205 

(differential scanning calorimetry) analysis of the heat flow showing the exothermic and 206 

endothermic regions.  207 
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The impact of ‘inerting’ with nitrogen gas on biomass oxidation and pyrolysis is seen 208 

from Fig. 5, where the weight loss is plotted against time to illustrate the effect on the 209 

reaction rates. The largest and earliest release of heat is given when air is used. Increasing the 210 

amount of nitrogen however does not have a significant effect, even with 95 mol% nitrogen 211 

there is still some oxidation presumably because the biomass contains chemically bound 212 

oxygen which results in the exothermic release of products on heating. Therefore nitrogen gas 213 

can only be used for control of fire and not for extinguishing it. 214 

 215 

 216 

Fig. 5. Simultaneous thermal analysis (STA) plots of weight loss (%) against time and heat 217 

flux showing the reaction of wood in 100 mol% air, in ‘inerted’ nitrogen-oxygen atmospheres 218 

(85 mol% N2, 15 mol% O2; 90 mol % N2, 10 mol% O2; 95 mol% N2 ,5 mol%O2) and 100 219 

mol% nitrogen. The linear change in temperature (5oC/min) is shown. The heat flux (mV/W) 220 

curves  indicate the endothermic and exothermic reaction. 221 

 222 

The first order apparent activation energies (Ea) for the early part of pyrolysis 223 

corresponding to hemicellulose decomposition were calculated and the results are given in 224 

Table 2. The values obtained range from 68.8 kJ/mol in 100% nitrogen to 75.4 kJ/mol in air 225 

with an error of ± 2kJ/mol.  226 

The data obtained in air are consistent with data from other studies using the same 227 

method [13,14]; they are slightly higher than the values obtained by Guo et al. [24], but 228 
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similar to earlier values obtained by this method as pointed out by these authors. The reaction 229 

rate constants, k, at 50oC and 100oC calculated from the data given in Table 2 are also given. 230 

The value for k(50
o
C) are lower than that obtained by Guo et al. [24] although their values are 231 

for fresh pellet samples, the age of the pellets is an important parameter. The reaction rate 232 

constant with 100% N2 is 14 times slower than with air and a similar ratio, 12, applies at 233 

higher temperatures (such as 100oC) given in Table 2 because of the similarity of the 234 

activation energies. 235 

 236 

Table 2. Values of E and A for pellet wood pyrolysis under varying nitrogen concentrations 237 

 
E kJ/mol A /s Log k(50

o
C) /s Log k(100

o
C) /s 

100% N2 68.8 1221 -7.39 -5.89 

95% N2/5% O2 72.0 2524 -8.27 -6.73 

90% N2/10% O2 73.6 3908 -8.36 -6.76 

85% N2/15% O2 75.4 5878 -8.48 -6.84 

100% air: 
71%N2/21% O2 75.4 6138 

 
-8.46 

 
-6.82 

 238 

  239 

3.2 Studies with the large scale (40kt) biomass storage piles 240 

Schematic aerial views of the storage Piles are shown in Fig.1 and the stores are filled 241 

to an even depth on all three sides of the stores as described in section 2.3. Temperature 242 

profiles were made vertically through the two piles over an eight week period in Pile A and 243 

over a nine week period in Pile B. In Pile A, (8 m high pile) the maximum temperature 244 

increased from when the biomass was first delivered reaching a maximum temperature 245 

attained of 38.8oC at week 4 at a depth of 2 m from the bottom. It should be noted that the 246 

temperature of the top of the pile decreased due to a reduction in the ambient temperature. In 247 

Pile B (9 m high pile) the maximum temperature attained was 45.8oC after week 5 at a depth 248 

of 3m from the bottom. These results are shown in Fig 6.  249 

Humidity measurements were made above the beds and in all cases they were 250 

between 50-60%. The control of humidity is an important control issue. 251 

 252 

 253 

 254 

 255 
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 256 

 257 

Fig. 6. Temperature profiles measured vertically through (a) Pile A and (b) Pile B at 1m 258 

intervals. The numbers refer to the number of weeks the biomass has been stored. 259 

 260 

Measurements of the CO and CO2 emissions were made immediately above the 261 

biomass bed for both piles at the sampling positions shown and the data for the CO emissions 262 

obtained are shown in Fig. 7 (a) and (b). In the case of Pile A, the CO results show a 263 

maximum value of about 25ppm for week 1 and, and after some slight variation, this 264 

decreases in all cases.  265 

 266 
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267 

 268 

Fig. 7. Carbon monoxide measurements above (a) Pile A and (b) Pile B. The numbers on the 269 

plots refer to the number of weeks the biomass has been stored. 270 

Pile B behaves differently in that the concentrations are not uniform and vary in a 271 

periodic manner with sampling position (that is, with the distance across the bed). This 272 

appears to signify a stratification effect with distance, and the position of maximum CO 273 

emission moves across the Pile with time after reaching a maximum. This is a similar pattern 274 

to the way the temperature changes: Pile A reaches a maximum temperature of 39oC after 4 275 

weeks and Pile B reaching 46oC after 5 weeks, and then in both cases the temperature 276 

decreases, The CO emissions follow this trend with a time lag of about a week, presumably 277 

due to the slow reaction rate and thus the slow formation and release of CO. 278 
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The emissions of the volatile organic compounds (VOC) are shown in Fig 8. The 279 

VOC consist of aldehydes (mainly acetaldehyde) and ketones (mainly acetone) resulting from 280 

the microbiological breakdown of fatty acids on the wood pellets [24-26]. The experimental 281 

data given in Fig. (a) were obtained by sampling from above the Pile A at a number of 282 

locations which are defined in Fig 1(a). It is seen that in this case the VOC emissions 283 

approximately follow a pattern over the eight week period sampled irrespective of the 284 

position over Pile A. That is, after a brief peak at week 2 it then increases to a maximum in 285 

week 6 and then drops. It follows the same pattern as the CO release and also lags behind the 286 

temperature in the same way. It is linked to the extent of microbiological activity as discussed 287 

later.  288 

The data shown in Fig 8(b) were obtained within Pile B at 2, 4, 6 and 8m depth. As 289 

might be expected the concentrations are very much greater within Pile B, and the highest 290 

concentrations are 2m from the top of the pile. The same pattern is seen as with CO emission 291 

from the pile, a maximum being reached and then a decline. This pattern is seen at all depths 292 

but is much smaller at the greater depths. 293 

A second group of VOC are the terpenes (g-pinene, myrcene, limonene) which tend to 294 

follow the same pattern as the VOC, but are in very low concentrations and are thus not 295 

shown here. The terpenes are the volatile oils present in wood and are vaporized as the 296 

temperature rises without a chemical reaction being involved, although some may be formed 297 

by bacterial/fermentation processes. However,  the terpene emission acts as a marker of the 298 

advancing thermal front and the CO acts as an indicator of the main reaction zone. 299 

 300 

 301 
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 302 

303 
Fig. 8. Volatile organic compound concentrations as a function of time (the numbers refer to 304 

the number of weeks, but only some are indicated) in (a) above Pile A as a function of 305 

sampling position, and (b) in Pile B as a function of depth. Measurements were not made in 306 

week 1 in Pile B. 307 

 308 

Studies have been made of the fungi present in biomass samples taken from within the 309 

Piles. Significant amounts of fungi (or moulds) are only found where heating of the Pile 310 

occurs, such as Pile B. But microbiological activity has been analysed on all conditions of 311 

pellets, although the extent may vary from load to load. The major fungi identified is 312 

Amorphotheca Resinae (also known as Cladosporium Resinae) and a number of strains were 313 

observed, namely: oidiodendron griseum, oidiodendron tenuissimum CBS=238.31, geomyces 314 
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asperulatus, ovadendron sulphureoochraceum and pseudogymnoascus roseus. It is a common 315 

fungi and grows on glucose, glutamate or fatty acids present in biomass. Mesophilic fungi 316 

such as these are commonly found in piles at temperatures about to 20-30oC [22,23] and 317 

cause degradation with loss of dry mass as well as the release of CO2  and CO.  318 

Measurements have been made at 0.5m above Pile A and B of the Total Viable Count 319 

(TVC), that is, the total number of colony forming units which is a measure of the total 320 

amount of both bacteria and fungi, and the level of fungi present is also shown. These data 321 

are given in Fig 9 (a) and (b) and it is seen that the levels are highest in Pile B. The 322 

thermophilic reactions start at about 40-50oC resulting in the formation of CO. In this work 323 

the CO concentration was taken as a measure of microbiological activity because thermal 324 

oxidation is only significant above 80oC. The maximum temperatures reached in Piles A and 325 

B (39 and 46oC) do not reach the critical value leading to ignition. 326 

 327 

 328 

Fig. 9. Microbiological measurements above the bed: (a) Pile A, (b) Pile B. TVC is 329 

the Total Viable Bacteria Count. The numbers refer to the week the measurement was made; 330 

these were not made in all weeks and the measurements after week 6 are below the detection 331 

limit. 332 
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4.  Discussion 333 

4.1 General features of self-heating 334 

The general features of the steps leading first to self-heating and then ignition are shown 335 

diagrammatically in Fig. 10. This diagram is based on a scheme given by Meijer and Gast 336 

[19] but with an added temperature rise which can result from the condensation of water, that 337 

is, if sufficient moisture is present. The next step is biological oxidation accompanied by the 338 

release of CO2 and volatile organic species such as acids and aldehydes [19,22,23]. This can 339 

only take place if microorganisms are present in significant quantity, which is not always the 340 

case. Indeed many mathematical models omit this stage. Then biomass thermal oxidation 341 

starts with the release of CO, and finally, if the critical temperature is reached and if no 342 

preventative action is taken, the temperature would increase leading to ignition.  343 

The wood pellet production process requires temperatures of about 110oC which would 344 

destroy the fungi and bacteria initially present, but the pellets can undergo ‘reinfection’ from 345 

fungi and bacteria during transportation. The rate of this process depends on the fines and 346 

moisture content of the pellets and thus the amount of microbiological action that can take 347 

place from batch to batch received by the biomass store will vary [22,23]. 348 

 349 

Fig. 10. Diagram showing the general features of ignition. 350 

The processes shown in Fig. 10 can overlap and that the temperatures given on the 351 

vertical axis are indicative and may vary depending on the nature of the pellets and the 352 

reaction conditions. In particular the effects of moisture and the early stages of biological 353 

oxidation work in conjunction with one another. The level of microbiological activity could 354 
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be deduced from the temperature rise in the biomass as well as from the carbon dioxide 355 

emitted from fatty acid oxidation and similar compounds on the woods or straws; a priori 356 

estimates are therefore difficult. It is known that as the temperature rise increases towards 357 

75°C the thermal oxidation of biomass commences and in doing so kills off the microbial 358 

activity. The start of the thermal oxidation is marked by the release of carbon monoxide as 359 

well as carbon dioxide and flammable compounds such as formaldehyde, acetaldehyde, 360 

methanol and ethanol are produced as the temperature increases to about 105°C [14,15, 361 

25,26]. The maximum temperatures reached in Piles A and B (39 and 46oC respectively) 362 

shows that rates of heat release does not reach the critical value leading to ignition, that is, the 363 

heat loss is greater than the heat generated. This is probably due to the heat required for the 364 

evaporation of water resulting from the control of humidity in the store; the other factor is 365 

probably the low level of thermophilic bacteria. Thus in terms of predicting the behaviour in 366 

a biomass pile it is necessary to understand the linked effects of moisture and the 367 

microbiological behaviour.  368 

Once a critical temperature is reached rapid oxidation would occur, although this is not 369 

the case here, and its value depends on the ‘ease of reaction’ of the biomass. Various studies 370 

have been made to quantify what the critical temperature is for different biomass materials 371 

and the reactivity (or rate of reaction) after this point. These parameters would define risk of 372 

ignition bearing in mind that the crucial determining steps are the effects of moisture and the 373 

extent of microbiological action. The main predictors are the use of TGA [12-15] to measure 374 

reactivity, heated basket tests [7,8,13,16] and by direct thermochemical measurements [24, 375 

25]. They only form part of the sequence of events leading to ignition since they do not take 376 

into account the thermal effects of microbiological heating and water condensation. 377 

 378 

4.2  The use of TGA as a predictor 379 

The experimental determination of the apparent first order activation energy, Ea, has 380 

been used to distinguish the spontaneous combustion tendency of coals which range from 70-381 

90kJ/mol [12,15]. It was concluded in this work that this parameter is not so important for 382 

biomass since for most samples the values of Ea lie in a very small range, namely 63.5 383 

kJ/mol to 68.3kJ/mol, as reported in their experiments [15]. These authors used a risk 384 

assessment [15] based on two parameters, the activation energy and a characteristic 385 

temperature based on the ignition of a sample in a TGA and using oxygen as the oxidant. 386 
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They studied a number of biomass fuels, and on this basis found that ‘straw’ is considered to 387 

have a medium risk and ‘wood chips’ have a high risk of self-heating [15].  388 

Jones et al [14] have ranked the risk factors using similar method using air instead of 389 

oxygen that was used in reference [15], and leading to slightly to different values of 390 

activation energies. They show that ‘straw’ has a borderline high risk and ‘pine’ had a 391 

medium risk. This is the opposite conclusion to the previous work but both research groups 392 

used slightly different fuels with different preparation histories, different methods of 393 

determining the activation energy (and a slightly wider range of activation energies) and 394 

different criteria for the onset of ignition. 395 

Most types of biomass materials (wood and straw) will have similar activation energies 396 

because the thermogravimetric method usually used measures a common feature to all 397 

untreated biomass, the decomposition of the hemicellulose. The activation energies obtained 398 

also depend on the exact mathematical manipulation of the data employed [28], and 399 

additionally, how  the ‘onset of reaction’ is defined since this may be done in different ways. 400 

It seems that these techniques are best used on a comparative basis. In practice at Drax Power 401 

it has been found that pellets of “Agricultural Residues”, although stored in smaller quantities 402 

than the wood pellets, has shown greater potential to heat-up. But in these large scale 403 

stockpiles other effects also come into play such as the effect of moisture and microbiological 404 

activity. Also, on storage the pH in straw is reduced less than in woody biomass, probably 405 

due to the high potassium content as previously discussed. Additionally there is a potential 406 

influence of higher heavy metals concentrations and this may introduce toxicity effects on 407 

enzyme growth.   408 

Kinetic data obtained from the TGA analysis using different nitrogen concentrations 409 

of 100, 95, 90 and 85 mol% show the increasing time for pyrolysis at different temperatures 410 

and under different atmospheres. These values are of significance in examining the impact of 411 

using an inert gas such as nitrogen on reducing the rate of biomass oxidative decomposition. 412 

Since biomass contains a significant amount of oxygen in its molecular make up it seems 413 

possible based on these results for the biomass to smoulder without the addition if significant 414 

amounts of molecular oxygen being present. 415 

4.3 The use of small scale basket tests under hot conditions 416 

The TGA method for risk assessment has limitations because of the small amount of 417 

sample employed. A more realistic test method is the British/European Standard Test Method 418 
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BS/EN 15188-2007 [7].  This uses a method based on small scale cube-shaped baskets heated 419 

in an oven environment permitting determination of ignition temperature and associated 420 

ignition delays and has been used in a number of studies [eg 13,16, 17]. In this the size of the 421 

biomass sample is defined by a characteristic dimension, which is defined as the volume to 422 

surface area ratio, V/A.  423 

The ignition temperature and corresponding ignition delay are obtained by trial and 424 

error and this can be obtained for a number of sample basket sizes. But in the case of wood 425 

there are limited experimental data available and for chipped wood only and for small basket 426 

sizes. A plot of ‘characteristic dimension’ against a reciprocal of the ignition temperature 427 

have been made using results from our earlier publication [13] together with more recent 428 

work [17], and this is shown in Fig. 11. It is seen that there is good agreement between the 429 

two sets of results. Extrapolation of this data for a static pile suggests that the ignition for 430 

large stores is about 40oC or slightly above depending on the choice of experimental data. 431 

 432 

 433 

 434 

Fig. 11. Plot of characteristic dimension against reciprocal temperature (K) 435 

superimposed on the BS/EN line from BS EN 15188:2007. The experimental points are from 436 

0.003 0.002 1/T (K) 
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Saddawi et al. [13], the heavy black line is from Ferrero et al. for wood chips [16]. The 437 

dashed line is an average for the biomass results. 438 

 439 

4.4  Studies of the Large scale Piles A and B 440 

The extrapolation of the laboratory testing methods to the large scale industrial storage 441 

of wood pellets is a tempting hypothesis but the extrapolation is considerable and there is a 442 

major problem in estimating the contribution of self-heating due to biological action and the 443 

linked issue of moisture condensation. In both Piles the measured Relative Humidity above 444 

the beds are similar and are between 50-60%. The Relative Humidity, the bed temperature 445 

and the moisture sample in the bed are linked and these values are consistent with published 446 

data [25]. There is a considerable difference in the two piles, A and B. Pile A is 6m high and 447 

reaches a maximum temperature of 38.8 C 4m from the top, and Pile B is 9m high and 448 

reaches a maximum temperature of 45.8 C 5m from the top: both Piles have the same mass, 449 

40kt. Their dimensions are indicated in Fig 1 and although Pile B is higher than Pile A there 450 

is a difficulty in determining the value of V/A accurately because of their irregular shape. 451 

Extrapolation of the plot in Fig 11of the volume/area ratio against the ignition temperature to 452 

Piles A and B would suggest that ignition would occur if stored long enough. This is not in 453 

accord with the observed temperature profiles. Indeed, in both case a maximum temperature 454 

is observed after six weeks and then the temperature through the piles decrease probably 455 

resulting from the control of humidity. The other factor is possibly the low level of 456 

thermophilic bacteria. 457 

But an important difference is the position of the peak temperature in the larger, hotter 458 

Pile B which initially rises with time and then drops after the maximum temperature is 459 

reached; the rate of movement is approximately 5cm/h.   There is also the non-uniform 460 

almost periodic emission of CO with distance across the larger Pile B (see Fig 7(b); here the 461 

movement of the peak concentration is about 1cm/h. The fact that this stratification occurs in 462 

the CO emission in the larger store is an interesting feature although it is not as clearly 463 

observed with the temperature. A possible explanation is that this arises from periodic 464 

evaporation and condensation of water. The water would catalyse the activity of the fungi and 465 

bacteria resulting in the release of CO. This suggests the coupled effect of change in 466 

temperature and reaction rate as expressed in CO emission (Fig.7) and VOC (Fig.8).  467 
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Thermal waves have been observed [27] to occur in a 4.6 kt silo containing wood pellets 468 

and these progressed with a velocity of 3cm/h, but in this silo that is subject to charge and 469 

discharge of the pellets. The charge/discharge operation would prevent the development of 470 

any significant periodic behaviour. The observed vertical movement of the hot region in Pile 471 

B in this work is about 5cm/h, but this biomass store is much larger than that studied by 472 

Larsson et al. [27]. However this periodic behaviour has been observed in other systems, for 473 

example in water emulsions with ammonium nitrate [29]. In the present studies there is an 474 

influence of evaporation and subsequent condensation, through the effect on temperature on 475 

competing exothermic reactions of biomass giving CO and endothermic reactions (pyrolysis) 476 

of biomass giving volatile gases. The scheme is set out in Fig.12. This can result in periodic 477 

thermal waves seen in Pile B.  478 

 479 

 480 

 481 

 482 

 483 

 484 

 485 

 486 

Fig. 12. Diagram of the competing exothermic and endothermic processes that can lead 487 

to ignition, based on [29]. 488 

4.5 Larger Piles: the 70kt domes at Drax Power Ltd, UK 489 

Drax Power Station at Selby, UK has three pulverised biomass fired 660 MW boilers 490 

and the fuel store for this consists of four 70 kt storage units or domes. Each dome is 50m in 491 

diameter with a bed depth of about 50m and a storage volume up to 120,000m3. The fuel 492 

used is pulverised wood pellets which have typical specifications given in Table 1. When the 493 

biomass is received into the store the maximum permitted temperature is 50oC and the 494 

permitted range of moisture in the wood pellets is normally 4 to10 wt%, with a typical value 495 

of about 7%. The dome is constantly charged and discharged and is kept under reduced O2 496 

partial pressure.  497 
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It is clear that in large biomass stores the moisture level has to be controlled for the 498 

reasons already described in the experiments with the 40kt storage units.  The domes are 499 

maintained with a low oxygen atmosphere by the use of dry nitrogen gas injected through the 500 

base of the dome and which percolates though the wood pellets. This controls the humidity 501 

and thus the moisture level in the wood pellets, and reduces the concentrations of the off-502 

gases especially that of carbon monoxide in the space above the dome. These are monitored 503 

on a routine basis and together with temperature measurement through the pile form the basis 504 

of a control and fire prevention strategy. Since the condensation of moisture plays an 505 

important initial role in causing self-heating, the reduction of moisture within the pile has to 506 

be carefully controlled. Moisture migration has been tracked on the small scale test-rig and 507 

has been shown to have exited the pile. On the full scale dome, given the depth, this moisture 508 

might not exit the pile before it has condensed and this may result in higher concentrations of 509 

moisture in the upper levels of the biomass store. However the material in the Dome is not a 510 

static pile of biomass and there is constant movement, material is constantly added by the 511 

supply system and being removed for consumption by the boilers: at full load, each unit 512 

consumes 320 t/h, so assuming no deliveries, the storage facility has a maximum capacity of 513 

12 – 13 days reserve for three units at full load on a 24/7 basis. This would prevent the build-514 

up of hot regions in the dome resulting from the combined effects of moisture condensation 515 

and microbiological activity which could lead to the development of thermochemical 516 

oscillation; this is not observed in the domes. It is seen from the information available from 517 

heated basket experiments (as discussed in section 4.3 that the ignition delay for a static store 518 

of this size with the type of maximum temperatures reached would be about 6 months and 519 

possibly longer [13,16].  520 

Finally it should be noted that from the TGA experiments that thermally pre-treated 521 

biomass (torrefied biomass) shows promise to alleviate some of the problems associated with 522 

biomass use such as moisture and microbial activity as well as the reduction of fines. The 523 

torrefied fuel also gave a low pH in contact with water (cf Fig 3). It could be possible that the 524 

pellet production parameters are intensified to provide some of the advantages of mild 525 

torrefaction. 526 

 527 

5 Conclusions 528 

In order to describe the self-heating of large scale storage of wood pellets it is 529 

necessary to take into account the influence of chemical oxidation, microbiological processes 530 
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as well as the effect of the evaporation and condensation of moisture. Therefore to reduce the 531 

risk of ignition leading to fire, the moisture content has to be controlled, as well as 532 

monitoring the temperature and the emission of CO, VOC etc.  533 

Whilst models describing steady state heating and conduction losses will apply to 534 

small piles of biomass, there is evidence that periodic behaviour occurs in large piles due to 535 

the interaction of the evaporation and condensation of water coupled with chemical reaction. 536 

This has to be included in detailed computer models that attempt to predict the onset of 537 

ignition. 538 

The introduction of biologically active organisms should be minimised during 539 

transportation and the biomass temperature should be monitored in conjunction with CO 540 

emissions.  541 
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