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Abstract 

Medium-scale self-heating tests with biomass pellets 

A commonly known problem with storage of biomass pellets is the risk for self-heating. 

The propensity for self-heating depends on several parameters e.g. type of pellets, 

humidity, ventilation, temperature, type of storage and handling prior to storage. 

Within the framework of the research project SafePellets (Safety and quality assurance 

measures along the pellets supply chain) a medium-scale methodology to assess the 

propensity for self-heating has been developed. In addition, methods to study carbon 

monoxide (CO), carbon dioxide (CO2) and oxygen (O2) concentrations as well as 

different aldehydes have been tested and evaluated in this study. 

Biomass pellets from three different sources, i.e. 100 % pine; a mixture of spruce and 

pine and a mixture of straw, seed residue and spruce, were tested in a 1 m3 test 

container. The test container and the pellets were pre-heated and kept at the nominal 

test temperature until self-heating occurred, or the test was terminated. Temperatures 

were measured at more than 40 different positions and gas samples were extracted 

from the test container and analysed. 

Differences were observed as a function of pellet type, but also as a function of nominal 

test temperature and ventilation. Significant levels of CO and CO2 and a reduced level 

of O2 were observed direct after the pre-heating, indicating oxidation of the pellets. Ten 

different tests were made; ignition occurred in four of them. The higher the nominal 

test temperature, the higher propensity for self-heating. When ignition occurred, the 

concentrations of CO and CO2 increased rapidly. It was found that the ventilation 

conditions were important. In some of the tests, natural convection caused the pellet 

bulk to cool. In other tests, when the test container was closed, the oxygen 

concentration dropped, and self-heating was reduced. 

Measurements of CO, CO2 and O2 contributed with information about the tests. 

However, the results from aldehyde measurements were unconcise and the values have 

only been used as indicative. Identified aldehydes were hexanal, butyraldehyde, 

valeraldehyde, formaldehyde, propionaldehyde, acetaldehyde and acrolein. 
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Preface 
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Union (Grant Agreement no 287026). The consortium consisted of SME-industry 

partners and research institutes coming from five EU member states, in total 15 

partners. 
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Sammanfattning 
Självuppvärmning förekommer naturligt vid lagring av pelletar från biomassa. Hur 

benäget ett material är att självuppvärma beror på faktorer så som typ av pellet, fukt, 

ventilation, temperatur, storlek på lager och hur pelletsen processats innan lagringen. 

Inom ramen för forskningsprojektet SafePellets (Safety and quality assurance measures 

along the pellets supply chain) utvecklades en metod för att i kubikmeterskala 

undersöka olika pelletars benägenhet att självuppvärma. Under försöken bestämdes, 

som ett komplement till temperaturmätningar, koncentrationerna av kolmonoxid (CO), 

koldioxid (CO2), syre (O2) och ett antal olika aldehyder. 

Pelletar med tre olika sammansättningar och ursprung undersöktes: pelletar 

tillverkade från tall; pelletar gjorda på en blandning av halm och utsädesrester; samt 

pelletar tillverkade från gran. Pelletarnas benägenhet att självuppvärma utvärderades i 

ett kärl med volymen 1 m3. Kärlet fylldes med pelletar varefter förvärmning startade. 

Under förvärmningsfasen värmdes kärl och pelletar till den nominella test-

temperaturen; därefter hölls temperaturen konstant till dess att självuppvärmning 

skedde eller försöket avbröts. Under försöken mättes och loggades temperaturen på 

mer än 40 olika punkter i kärlet. 

Skillnader i självuppvärmningsbenägenhet kunde observeras beroende på: typ av 

pelletar; nominell test-temperatur och; ventilation/luftflöde. Betydande nivåer av CO 

och CO2, samt en reducerad nivå av O2 observerades direkt efter avslutad förvärmning. 

Totalt genomfördes tio försök; i fyra av dessa ledde självuppvärmning till en 

antändning av pelletarna. Vid antändning ökade snabbt koncentrationerna av CO och 

CO2. 

En högre nominell test-temperatur gav en ökad benägenhet att självuppvärma. 

Ventilationsförhållandet visade sig ha en betydande inverkan på försöksresultaten; i 

några försök ledde naturlig konvektion till en nedkylning av pelletbulken, i andra 

försök tillslöts öppningarna i kärlet varpå syrekoncentrationen minskade och 

värmeutvecklingen reducerades. 

Aldehydmätningarna visade sig vara osäkra och resultaten har endast behandlats som 

indikativa. De aldehyder som identifierades var: hexanal, butyraldehyd, valeraldehyd, 

formaldehyd, propionaldehyd, acetaldehyd och akrolein. 
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1 Introduction 
SafePellets (Safety and quality assurance measures along the pellets supply chain) was 

performed and funded under the Research for the Benefit of SMEs activity of the 

Seventh Framework Programme (FP7) of the European Union. The consortium 

consisted of SME-industry partners and research institutes coming from five EU 

member states, in total 15 partners. 

The objective of the project was the development of guidelines for quality assurance 

measures along the pellets supply chain and solutions for safe handling and storage of 

pellets. In the course of the project, methods for the assessment of off-gassing and  

self-heating were be developed. 

Work Package 4 (WP4) of the SafePellets project involved characterization of the self-

heating of wood pellets. This report constitutes of parts of deliverable D4.3 and 

deliverable D4.4 and summarizes the work performed in following tasks: 

• Task 4.4: Thermal properties of pellets 

• Task 4.5: Porosity and permeability 

• Task 4.7: Influence from ventilation on self-heating 

• Task 4.9 Verification in medium scale 

All the tests within these tasks were performed in a 1 m3 scale set-up. This was 

constructed to facilitate verification of results from tests performed in small scale in the 

other tasks in WP4. This set-up made it also possible to vary the ventilation conditions. 

The main aim of the test series was to study the propensity for self-heating, but also gas 

emissions (off-gassing) were analysed during the different tests.  
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2 Description of pellets 

2.1 Data on pellets used in the tests 

The pellet batches used in the medium scale tests were selected from screening tests 

made by Larsson, Lönnermark, Blomqvist and Persson (2017). [1] The screening tests 

included 31 pellet batches and were performed within the SafePellets project. 

Three different pellet batches with different composition, origin and reactivity 

(according to previous performed screening tests) were chosen for testing; batch no 5, 

10 and 17. The pellets from batch no 5 and 10 were sampled by the pellet manufacturer 

directly after production and packaging in bags or big-bags. Pellets from batch no 17 

were packed in big-bags from a pile located inside a flat storage.  A description of the 

tested pellet batches is given in Table 1. 

Table 1. Tested pellet batches in the medium scale test. The batch no. 5.2 and 10.2 indicates that 
the pellets is of the same composition as batches 5 and 10 but were produced later. 

Pellet batch no. 10.2 17 5.2 

Composition 
- 67 % spruce 
- 33 % pine 
- matured pine 

- 83 % straw 
- 11 % seed residue 
- 6 % spruce 

- 100 % pine 

Diameter [mm] 6 8 6 

Moisture content [mass-%] 6.3 8.7 6.8 

Delivery 16 kg bags Big-bag Big-bag 

Manufacturing date August 2013 Unknown* August 2013 

Country of origin Sweden Denmark Germany 

* Taken from a flat storage – probably produced in early spring of 2013. 
 

2.2 Moisture content 

2.2.1 Test procedure 

For each pellet sort, two glass vessels were filled with approximately 200 g of pellets. 

The vessels were weighed empty before filling and with pellets after filling to get the 

exact weight of the pellets. A Sartorius CP2202S Balance with a precision of 0.01 g was 

used for the weighing. The pellet filled vessels were placed inside a furnace, at 105 °C. 

After 8 h, the pellets and glass vessels were cooled for a few minutes before weighing. 

The procedure was repeated once to verify that the pellets were completely dry (giving a 

total time of 16 h in 105 °C). To prevent the pellets from absorbing moisture from the 

ambient air between the two test periods, the vessels were put in a desiccator. 

The mass fraction of water in the pellets was calculated by subtraction of the ratio of 

the mass after two drying cycles to the starting mass from 1. 

  



8 

© RISE Research Institutes of Sweden 

2.2.2 Test evaluation 

For the determination of the moisture content, two samples were tested per pellet 

batch. The masses of the samples prior to as well as after the two drying cycles are given 

together with the calculated moisture content in Table 2.  

Table 2. Pellet masses prior to drying, after 8 h and after 16 h respectively. Two samples were 
taken for each pellet batch. The presented moisture content is an average of the two samples. 

 Batch 10.2 Batch 17 Batch 5.2 

Pellet mass prior to drying [g] 205.64 202.29 201.29 193.57 178.98 194.89 

Pellet mass after 8 h [g] 192.70 189.61 183.65 176.71 166.76 181.60 

Pellet mass after 16 h [g] 192.79 189.62 183.69 176.73 166.83 181.67 

Average moisture content [mass-%] 6.3 8.7 6.8 

 

After the second drying period, higher masses were recorded for all samples. This is 

probably because after the first drying period, all moisture had evaporated from the 

pellet batches and the difference in mass after the first and second drying period is only 

due to measurement inaccuracies. 

2.3 Length measurement 

2.3.1 Test procedure 

Pellets were sampled from pellet packages delivered directly from the manufacturers. 

The sampling was made according to standard SS-EN 14778:2011. Determination of the 

average length of the different pellet batches was performed according to standard SS-

EN 16127:2012. The lengths of the pellets were determined using a calliper with a 

precision of 0.1 mm. The sieving procedure, as described in standard SS-EN 

16127:2012, was ignored. Instead, fragments which did not correspond to the shape of a 

pellet, were sorted out by hand. 

According to the standard, the mass of pellets needed for the measurement depends on 

the pellet diameter, see Table 3. 

Table 3. Required pellet amount to measure, depending on the pellet diameter. 

Pellet diameter [mm] Pellet mass [g] 

6 - 8 80 - 100 

8 - 10 100 - 150 

 

After measuring the lengths of all pellets in a collected sample, the average length was 

calculated. 
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2.3.2 Test evaluation 

The results from the length measurements are given in Table 4. 

Table 4. Length measurements of the different pellet batches (sl: standard deviation, �̅�𝑙 : average 
length). 

Pellet 
batch 

Diameter 
[mm] 

Mass 
[g] 

No. of pellets 
[ ] 

�̅�l 
[mm] 

sl 
[mm] 

Min. length 
[mm] 

Max. length 
[mm] 

10.2 6 94.43 209 14.15 6.46 3.59 40.28 

17 8 119.08 241 9.86 4.04 1.98 22.82 

5.2 6 97.03 285 10.84 4.87 2.59 27.15 

 

The length distributions for the different pellets are presented in Figure 11 

(Appendix A). 

2.3.2.1 Error consideration 

There are some difficulties when it comes to measurement of pellet length that must be 

considered. In the production process and during transport and handling, pellets may 

be broken by external forces into pieces. The edges of these pieces are usually 

uneven/rough, see Figure 1. This causes errors in the length measurement of individual 

pellets with the callipers. However, the overall result is only minimally affected due to 

the high number of samples. 

 

Figure 1. Photo of pellet with uneven edges. It can be difficult to decide where to measure the 
length of the pellet. 
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2.4 Density, bulk density and porosity 

2.4.1 Test procedure 

The density of single pellets was determined by hydrostatic weighing of 3-4 randomly 

chosen pellets of each batch. A single pellet was lowered into a container with water, 

standing on a scale. The mass of the pellet was then divided with the increased water 

volume i.e. the pellet volume. 

The bulk density was decided by filling pellets into a 1 L container, the mass of the 

pellets was measured. The bulk density was calculated by dividing the mass of the 

pellets with the volume of the container. 

2.4.2 Test evaluation 

The results for single pellet density and bulk density are presented in Table 5. 

Table 5. Measured density of single pellets and bulk density for the different pellet batches. 

Pellet batch 10.2 17 5.2 

Solid dens. pellet 1 [kg/m3] 1 270 1 302 1 203 

Solid dens. pellet 2 [kg/m3] 1 288 1 298 1 167 

Solid dens. pellet 3 [kg/m3] 1 254 1 280 1 217 

Solid dens. pellet 4 [kg/m3] 1 298 - - 

Average solid dens. [kg/m3] 1 278 1 293 1 196 

Standard deviation, sd [kg/m3] 19 12 26 

Bulk density [kg/m3] 710 742 626 

 

2.5 Thermal properties 

The heat conduction and the heat capacity of the pellet bulk material are important for 

the self-heating procedure. A highly insulating material will keep more of the produced 

heat within the bulk, which will promote the heat-producing processes and lead to an 

increased bulk temperature. 

2.5.1 Test procedure and experimental set-up 

The method used for analysis of the thermal properties of the pellet material was the 

Transient Plane Source (TPS) method (ISO 22007-2). The data obtained using this 

method is: thermal conductivity, thermal diffusivity and specific volumetric heat 

capacity. 

The measurements, which were performed at 50 % RH, were conducted on a TPS 

2500s. A sensor (of type C5599) with a radius of 29.52 mm was used and consisted of a 

nickel foil double spiral which was insulated with a thin layer of Kapton foil. An effect 

of 0.15 W and a measurement time of 1280 s were used. 

The probe heats the sample with a constant electrical power for a selected period. 

During the heating, the temperature increase is measured 200 times equally 

distributed over time. 
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In addition to the measurement described above, an alternative method also using TPS-

technique was applied. A dedicated sample holder was used specifically for heat 

capacity analysis. A sample body of known weight is put in the insulated sample 

container, the energy required to heat the specimen is monitored and a background 

measurement, correcting for the sample container and insulation is subtracted from the 

result. 

The sample material was filled into a 0.15 m × 0.15 m × 0.15 m metal container in 

which the TPS sensor was located centrally. This test set-up and procedure has been 

proven successful in previous testing.[2] 

The material was left to equilibrate during four hours between consecutive 

measurements. Tests were conducted with the sensor located horizontally in the metal 

container. Previous testing has shown that the orientation of the sensor in the sample 

has negligible effect on the results.[2] 

2.5.2 Test evaluation 

Measurements on pellet bulk were conducted with pellet batches 5.2, 10.2 and 17 and 

the results are given in Table 6. 

Table 6. Results from measurements of thermal properties for pellet bulk material. 

 Batch 10.2 Batch 17 Batch 5.2 

Thermal conductivity [W m-1 K-1] 0.158 0.142 0.160 

Thermal diffusivity [mm2 s-1] 0.153 0.155 0.165 

Specific heat capacity [MJ m-3 K-1] 1.033 0.916 0.970 

Specific heat capacity [kJ kg-1 K-1] 1.392 1.463 1.366 

 

2.6 Pressure drop measurements 

The permeability of the pellet bulk is an important factor to consider as it will influence 

both the air supply to the pellets inside the bulk during storage and also the 

possibilities to ventilate the bulk, e.g. in a silo by fans or to introduce inert gas in case of 

a fire situation. 

In this project, it was also of interest to know the permeability of the pellets during the 

tests in the m3-scale container as the initial heating of the pellets was made by flowing 

heated air through the pellets inside the container. In order to determine the 

permeability of the three different pellets batches used in these m3-scale test series, 

measurements of the pressure drop were made. 

2.6.1 Test procedure 

The tests were performed in a steel tube with a diameter of 0.16 m and a length of 1.5 

m. The tube was equipped with a mesh in both ends, to allow an unrestricted air flow 

through the tube. At the inlet and outlet of the tube, a 0.1 m long measuring chamber 

was connected to allow accurate measurement of pressure at the inlet and outlet, see 

Figure 2. 

The steel tube was mounted vertically and air from a compressed air system was 

connected via an air flow meter (rotameter) to the inlet at the bottom of the tube. The 
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air pressure was measured in the inlet and in outlet chambers using two pressure 

transducers, each having two measuring ranges of 0-200 Pa and 0-2000 Pa. 

Pressure drop measurements were made at four different air flows corresponding to a 

linear air velocity up to about 0.18 m/s (empty test tube). This velocity range 

corresponds approximately to the air velocity through the (empty) 1 m3 test container 

used during the preheating period. 

The three different pellets batches were tested by: removing the outlet measuring 

chamber; carefully filling the test chamber with pellets and eventually attaching the 

outlet measuring chamber. The pressure transducers were connected to the inlet and 

outlet and a zero setting was made without any air flow. The airflow was adjusted to 

four predetermined settings (25, 50, 75 and 100 scale divisions on the rotameter, 

corresponding to about 51, 108, 164 and 221 l/min respectively) and the pressures at 

the inlet and outlet were recorded. 

 

 

Figure 2. Principal sketch of the test arrangement for the pressure drop measurements. 
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2.6.2 Test result 

The results from the pressure drop measurements are summarized in Table 11 

(Appendix A). The pressure drop over the empty test tube was approx. 0.4 Pa at the 

highest airflow and has therefore not been considered as it is within the accuracy of the 

pressure measurements. 

The pressure drops for the three batches as a function of the linear air velocity are 

shown in Figure 3. The linear air velocity was calculated as for an empty test tube i.e. it 

is not the true linear velocity since this depends on the pellets. It can be concluded that 

there was a difference in the permeability of the various pellet batches. 

 

Figure 3. Normalized pressure drop [Pa/m] as a function of the linear air velocity 
calculated as for an empty test tube [m/s]. 
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3 Experimental setup 

3.1 Test configuration 

The test set-up consisted of a cylindrical metal container, filled with pellets. The test 

container was heated with a constant temperature from the outside of the cylinder wall 

using electric heating mats, and in the first part of each test from underneath with pre-

heated air flowing through the bulk material. An overview of the test setup including 

thermocouple positions and gas sampling points is given in Figure 4. 

The cylindrical test container was made of 2 mm stainless steel, had an inner diameter 

of 1084 mm and a total inner height of 1253 mm. An inlet opening (Ø 160 mm) was 

located centrally in the bottom of the container. A perforated steel plate (opening area 

of 35 %) was located on a coarse grid-iron, mounted 115 mm up from the bottom of the 

test container. The perforated steel plate was assumed to distribute air equally over the 

pellet bulk. This arrangement allowed air to flow from the bottom of the test container, 

through the pellet bulk, and out through an opening (Ø 160 mm). The outlet was 

located centrally in a steel cover located on top of the test container during the tests and 

was equipped with a valve (C). At the bottom inlet, a T-pipe (Ø 160 mm) and duct 

system including valve A was connected to a fan and an air heating unit supplying the 

container with pre-heated air in the beginning of each test. The other end of the T-pipe 

and duct system including valve B was available for ventilation and for injection of 

nitrogen during the extinguishing phase, if ignition occurred. 

 

Figure 4. Drawing of cylindrical test container (left: elevation view, right: orientation view) with all 
thermocouples (x = Thermocouple, ⊕ = Sampling point for gas analysis). 
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The test container was heated from the outside during the tests with a total of 6 heating 

mats from Winkler (designation code: WODH0120-230XC200). Each heating mat had 

a nominal heating effect of 700 W, which could be regulated with a thermostat. The 

upper heating temperature was 200 °C and each mat had a heating area of  

370 mm × 1500 mm. In total 3 rows with 2 heating mats in each row were used to cover 

the entire test container, see Figure 5. Outside the heating mats, two layers of 70 mm 

thick aluminium faced stone wool were applied (in total 140 mm insulation). The entire 

space between the floor and the bottom of the test container was also filled with 

insulation before each test was started, see Figure 6. 

 

Figure 5. Left: The 1 m3 test container. Right: The test container with the six heating mats 
mounted; three rows with two mats in each row around the circumference of the test container. 

 



16 

© RISE Research Institutes of Sweden 

 

Figure 6. Photo of the final test set-up with the insulated test container. The fan and air heating 
unit used for pre-heating of the bulk can be seen to the left in the picture. The hose for supply of 
nitrogen gas for extinguishment can be seen to the right. The improvements made on the top and 
bottom insulation (prior to test 4) are shown in the photo. 

 

Each test started with a pre-heating period; the heating mats were switched on and air 

heated by a 22 kW heating unit was flowed through the test container and the pellet 

bulk. Heated air was pushed through a 160 mm insulated duct by a fan; the air entered 

the test container at its bottom (passing valve A on its way). It was possible to adjust 

the fan (i.e. the flow of air) using a VSD (variable speed drive). The air velocity in the 

duct was measured with a bi-directional probe and the velocity was adjusted to about 9 

m/s during the pre-heating phase, which corresponded to an air flow of ~11 m3/min. 

The temperature of the heater was adjusted automatically with a thermostat connected 

to a thermocouple located directly after the heater (thermocouple 41 in Figure 4). 

However, the inlet air temperature was also measured at the inlet of the test container 

to secure correct temperature of the inlet air (thermocouple 1 in Figure 4). When the 

pellet bulk had reached its designated temperature, the fan and the heating unit were 

switched off and valve A was closed. From this time, the test container was supplied 

with air to a various degree during the test series. 

In test 6 - test 10, a controlled flow of air (30 l/min) was injected at the bottom inlet via 

a heated hose (the air was heated to the nominal test temperature). The airflow was 

controlled by use of a Bronkhorst mass flow regulator. The reasons for this was to avoid 

complete inert conditions inside the test container and to simulate natural 

ventilation/leakage of air into a pellet silo. 
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A large number of thermocouples (TC) were positioned within the pellet bulk for a 

precise mapping of the temperature distribution during a test. The positions of the 0.5 

mm type-K thermocouples placed in the pellet bulk are shown in Figure 4. The 

thermocouples were mounted on steel nailing strips in three horizontal levels inside the 

test container and mounted on a steel wire thread along the vertical centre line as 

shown in Figure 7. To be able to control the temperature from the heating mats, several 

thermocouples were welded to the walls (not shown in Figure 7) inside the test 

container. 

In the first two tests, it was found that the accuracies of the heating mat thermostats 

were not good. As well, the individual thermostats were behaving differently, when 

compared to each other. TC 56, 57 and 58 were added after test 1. TC 59 and 60 were 

added after test 2. Those additional thermocouples were all mounted on the inside wall 

of the test container to give a better control of the wall temperature. The extra 

temperature measurements were used to adjust the heating mat thermostats. The 

locations of TC 56, 57, 58, 59 and 60 are shown in Figure 4. 

 

Figure 7. Photo showing the principle for the mounting of thermocouples inside the test container. 
The thermocouples were mounted along supporting steel nailing strips at three horizontal levels. 
Along the centre line a steel wire thread was used for supporting thermocouples. 
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3.2 Gas sampling 

Gas inside the test container was analysed for oxygen (O2), carbon monoxide (CO) and 

carbon dioxide (CO2). Gas was extracted at three horizontal positions inside the pellet 

bulk centre (next to TC4/level 1, next to TC 6/level 2, next to TC 8/level 3) and in the 

head space just above the pellet surface inside the test container (next to TC 10/level 4). 

From each measuring position gas was sampled through a plastic tube and analysed 

with Rosemount Xstream gas analysers. A timer connected to the gas analysers started 

a 5 min sampling period once every hour. 

Additionally, emissions of aldehydes were measured during the tests. Aldehydes were 

measured using a diffusive sampler from Radiello. The diffusive sampler was located 

inside the test container, just underneath valve C i.e. at the outlet. The sampler with its 

adsorbent was mounted on a plastic support, see Figure 8, and was hanging freely in 

the duct.  The measured concentration using this method is the average concentration 

during the sampling period. 

 

Figure 8. Left: Photo of the Radiello aldehyde sampler with diffusion body mounted on the 
support. Right: Storage tube (upper) and adsorbent cartridge (lower). 

 

3.3 Test procedure 

The test container was filled with a fresh load of pellets in direct connection to the test, 

see Figure 9. Pellet batch 10.2 was delivered in 16 kg bags and 42 bags (672 kg) were 

used in each test. This corresponded to a filling level of about 50 mm below the top rim 

of the test container, i.e. 1 m3 of pellets. Pellet batches 5.2 and 17 were delivered in big-

bags and were filled directly from the big-bag into the test container to the same level 

as for the 10.2 pellets. This corresponded to 676 kg for the “batch 5.2 pellets” and 595 

kg for the “batch 17 pellets”.  

Every test was initiated by starting the data logging system for temperature and gas 

concentration measurements (time 0:00). One minute after start (0:01), the pre-

heating period commenced by switching on the heating mats.  
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Five minutes after start (0:05), the fan and air heating unit were switched on, having 

valve A and valve C open (valve B was always closed during pre-heating), allowing 

heated air to enter the test container from the bottom and flow upwards through the 

pellet bulk until a pre-defined temperature was reached. The criteria used for ending 

the pre-heating period was when TC 9 in the upper part of the test container reached a 

predefined temperature. When the temperature was reached i.e. the criteria was met, 

the fan and air heating unit were switched off and valve A was closed. 

After the pre-heating period, the ventilation of the test container varied. In test 1, both 

valve B and C were left open, allowing free convection through the bulk. In test 2 and 

test 3, valve B was closed but valve C was left open, only allowing free convection 

through the outlet on the top. In test 4 and test 5, the possibility for convection was 

further restricted by covering the outlet opening with a piece of 25 mm thick insulation 

board. This allowed relief of any overpressure inside the container, e.g. due to self-

heating, but restricted air entrance through the opening, i.e. in practice no ventilation 

of the bulk. Finally, in test 6-test 10, a controlled air flow of 30 l/min was introduced 

into the inlet duct in the bottom of the test container just below TC 1. The airflow was 

supposed to mimic a certain air leakage into the bulk in a real storage situation. The air 

flow was regulated by a mass flow controller and the air was heated to the nominal test 

temperature by using a heated hose.  

 

Figure 9. Photo of the test container filled with pellets prior to one of the tests. The distance 
between the top rim and the pellets is approx. 50 mm. 

 

A test continued until an accelerating temperature rise was detected inside the test 

container, reaching temperatures exceeding 200-400 ºC. If such conditions were not 

obtained within 48 h, the test was terminated. In some tests, spontaneous combustion 

might have occurred if the test had continued but the test schedule did not allow for 

tests exceeding 48 h duration. 

In the case when self-heating and spontaneous combustion occurred, nitrogen was 

injected through valve B (valve A closed, valve C open) to decrease the oxygen level 

inside the test container and reduce smouldering intensity before discharging pellets 

from the test container. 
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Radiello aldehyde samplers were used in order to measure the average aldehyde 

concentrations. Glass storage tubes, containing the adsorbent cartridges, were kept in a 

freezer and removed from the freezer just in time for a test. The adsorbent was 

mounted into a diffusion body, attached to a plastic support, and then mounted inside 

the test container. After each test, the adsorbent cartridge was put back into the glass 

storage tube, marked with test number and returned to the freezer. When the test series 

were completed, all glass tubes were sent to for analysis by the Swedish University of 

Agricultural Sciences (SLU). 

3.4 Test conditions 

A total of 10 tests were performed; parameters varied were: kind of pellets, nominal test 

temperatures and ventilation conditions. A summary of the test conditions is given in 

Table 7. 

Table 7. Summary of test conditions used in the 1 m3 scale self-heating tests. 

Test 
No. 

Pellet 
batch 

No. 

Mass 
[kg] 

Nom. 
temp 
[°C] 

Inlet 
valve 
(B)a) 

Outlet 
valve (C) 

Comments 

1 10.2 672 90 

Open 
(closed 

after 
22:20) 

Open 

- Re-circulation of air during the pre-
heating period (caused problem with 
condensation in the fan and heating 
unit) 

- Test conditions changed during test 
- Problems with regulation of heating 

mats causing local over-heating 

2 10.2 672 105 Closed Open 

- No re-circulation of air during the pre-
heating period 

- TC 56, 57 and 58 were installed to 
measure the inside wall temperature 
to better control the heating mats 

- Problems with regulation of upper and 
lower heating mats causing local over-
heating 

3 10.2 672 90 Closed Open 

- TC 59 and 60 were installed and TC 23 
and 40 were moved from level 2 to 
measure the inside wall temperature 
to better control the heating mats 

4 5.2 676 105 Closed Covered 
- Improved insulation of bottom and top 

of the test container 

5 10.2 672 105 Closed Covered -  

6 10.2 672 105 30 l/min Covered -  

7 10.2 672 120 30 l/min Covered -  

8 5.2 676 120 30 l/min Covered - Problems during pre-heating period 

9 17 595 120 30 l/min Covered -  

10 10.2 672 112.5 30 l/min Covered -  
a) The flow given for some tests refers to the controlled heated airflow introduced in some of the 
tests to simulate an air leakage. 
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4 Results from m3-scale tests 
This chapter is divided into three subsections, namely: preheating, temperatures inside 

the test container and gas concentration measurements. The section about preheating 

presents pre-heating times and differences between the tests. The section about 

temperatures inside the test container present wall temperatures and temperatures 

inside the pellet bulk. This section also deals with self-heating and detection of ignition. 

The last section presents results from measurement of gases inside the test container. 

4.1 Preheating 

The pre-heating times in the different tests are presented in Table 8. Centre line 

temperatures during the pre-heating phase are graphically presented in Figure 12 and 

Figure 13 (Appendix A). The heating of the pellets was obtained gradually from the 

bottom of the test container and upwards. The temperature increase was quite fast 

when the “heat wave” reached a certain position and stabilized at the nominal test 

temperature. The pre-heating was finished when TC 9 (positioned about 135 mm below 

the pellet surface) reached the nominal test temperature; the fan and the heating unit 

were then turned off and the desired ventilation of the bulk was arranged. 

During test 8, there were problems with an electrical fuse in the heating unit which 

turned off the heating elements several times during the pre-heating period. Each time 

this happened, the inlet temperature dropped for a few minutes before the fuse could 

be reset. This resulted in short periods of cooling of the bulk and thereby a significant 

longer pre-heating time. 

The pre-heating period varied between the tests, even for tests with same pellet batch 

and same nominal test temperature (test 5 and test 6). Some possible reasons are 

mentioned hereunder: 

- Nominal test-temperature: The higher the temperature, the longer time for pre-

heating is expected. The temperature will also affect the mass flow of air (i.e. 

flow of energy) since the controlled flow is the linear velocity (density is 

temperature dependent). 

- Initial bulk temperature: The lower the temperature, the more energy must be 

supplied to the system and a longer pre-heating time is expected for a lower 

initial bulk temperature. 

- Initial temperature of the testing container: The lower the temperature, the 

more energy must be supplied to the system. It has been found that the wall 

temperature differed approx. 20 °C between different runs. 

- The temperature control of the heating mats: The temperature control was not 

precise, this caused differences between wall temperatures in different tests. 

- Insulation properties: The insulation might have got wet during an emptying 

session. A wet insulation loses its insulating properties. 

- Improved insulation: From Test 4, the insulation of the heating unit, the duct 

system and the bottom of the test container test was improved to reduce heat 

losses, both during the pre-heating period and during the subsequent self-

heating test. 
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- Pellet properties: Different batches have different properties with respect to 

parameters such as: moisture, specific heat capacity, thermal conductivity, 

thermal diffusivity, density, bulk density etc.  

- A small difference between nominal test temperature and the set heating 

temperature: This causes an asymptotic behaviour which might make it difficult 

to judge when to end the pre-heating. In addition, a small deviation in the 

heating temperature will have a great impact on the driving force (temperature 

difference), something that will affect the pre-heating time significantly. 

Table 8. Summary of pre-heating times for test 1-10. The insulation was improved prior to test 4. 

Test No. 1 2 3 4 5 6 7 8 9 10 

Pellet batch No. 10.2 10.2 10.2 5.2 10.2 10.2 10.2 5.2 17 10.2 

Pre-heat time [h:min] 5:13 5:27 6:50 4:52 5:10 5:41 4:43 9:35 6:18 4:39 

Nom test-temp [°C] 90 105 90 105 105 105 120 120 120 112.5 

Initial bulk temp [°C]* 29.4 22.2 17.3 16.7 16.1 15.7 16.1 12.2 9.9 18.4 

* Differences in initial bulk temperature are due to storage conditions prior to each test. 
 

4.2 Temperatures inside the test container 

4.2.1 Wall temperature of test container 

In order to reduce the heat losses and keep the test container walls at the nominal test 

temperature, heating mats were used in combination with 140 mm insulation of the 

test container walls. The heating mats were regulated by individual thermostats which 

could be set from 50 °C to 200 °C. However, in the first two tests, it became obvious 

that the accuracies of these thermostats were not good enough. As well, the individual 

thermostats were behaving different compared to each other. Therefore, TC 56, 57 and 

58 were added after test 1. TC 59 and 60 were added after test 2. Those additional 

thermocouples were all mounted on the inside wall of the test container to give a better 

control of the wall temperature. The extra temperature measurements were used to 

adjust the heating mat thermostats.  

Wall temperatures measured by thermocouples TC 22, 23, 40, 56, 57, 58, 59 and 60 

versus time are presented in Figure 14 and Figure 15 in Appendix A. The influence of 

the on-/off regulation of the heating mats can be seen in the figures. TC 22 and 57 were 

positioned diametrically from each other in the area which was not covered by the 

heating mats and showed that the wall temperature in this section was lower due to 

heat losses. 

After the pre-heating period, the temperature at the wall slowly increased. This is 

assumed to be due to the self-heating process taking place inside the test container. The 

temperature increased although the thermostats were not changed, or in some cases, 

the heating mates were even turned off. 
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4.2.2 Temperature of pellet bulk  

The temperature inside the bulk was measured with almost 40 thermocouples. The 

thermocouples were positioned both along the centre line of the bulk as well as radially 

in four directions on three levels inside the pellet bulk (see Figure 4). The three levels 

are referred to as: lower bulk (386 mm from bottom of the test container), middle bulk 

(657 mm from bottom of the test container) and upper bulk (928 mm from bottom of 

the test container). The measured temperatures are presented in Figure 16 - Figure 25 

(Appendix A). 

A general behaviour of the pellet bulk temperature can be described as: 

• A plug-flow-like temperature increase during the preheating phase. However, a 

small cooling effect closer to the walls was noticed. 

• After the preheating phase, the temperature of the pellet bulk either kept 

increasing or started to decrease (depending on the ventilation conditions). In 

some cases, the temperature remained stable for a time (due to heat supply 

from the heating mats) and then started to decrease. 

• The highest temperatures were in general found in the middle and upper centre 

of the pellet bulk while the temperatures in the lower part of the bulk were not 

rising as quickly. 

Registered temperatures from all thermocouples installed in the pellet bulk 

(thermocouples next to the wall and thermocouples in the inlet were excluded) were 

compared to the nominal test temperature. This was made by calculating an average 

temperature from the three highest temperatures after 10, 20, 25, 30, 35, 40, 45 and 48 

hours respectively. The nominal test temperature was then subtracted from the 

calculated average temperature. The result is shown in Figure 10; an ignition occurred 

in test 1, test 2, test 7, test 8, test 9 and test 10. No ignition occurred in test 6, however, 

an increasing temperature was observed. If the test time had been longer, an ignition 

might have occurred. 

The bulk temperature in test 1 was after 10 h lower than the nominal test temperature, 

this is assumed to be caused by a convective airflow (from valve B to valve C) which 

cooled the bulk. The convective airflow is believed to be due to temperature differences 

between the bulk and the ambient air. At test time 22:20 (h:min), valve B was closed to 

decrease the convective airflow. Heating airflow was activated at 26:31 but was 

terminated at 26:35, due to an almost instant ignition. In test 2, the ignition is assumed 

to be due to local over-heating from the heating mats. 

Excluding the first two tests (test 1 and test 2) the results are consistent. Ignition 

occurred at higher temperatures (120 °C), but not at lower. For 10.2, ignition occurred 

also for 112.5 °C. 

Because of the different operating conditions, it is difficult to compare the different 

pellet batches. However, test 4 (pellet batch: 5.2) and test 5 (10.2) as well as test 7 

(10.2), test 8 (5.2) and test 9 (17) were run under the same conditions. The combination 

of nominal test temperature and ventilation did not cause any significant self-heating in 

test 4 and test 5; no conclusions with respect to the pellets´ propensity for self-heating 

can be drawn. Due to the different pre-heating times (especially for test 8) it is also 

difficult to compare test 7, test 8 and test 9. Referring to the screening tests made by 
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Larsson et al. (2017), pellet batch 10.2 was expected to be more reactive than batch 5.2, 

which was expected to be more reactive than batch 17. To some extent this trend was 

confirmed in this 1 m3 study. Batch 10.2 was most reactive also in this scale (1 m3); it 

was fastest to start an escalating temperature increase at 120 °C, also at 112.5 °C there 

is a clear temperature increase leading to ignition. Also for 90 °C and 105 °C, batch 10.2 

showed self-heating tendencies, but during those tests the conditions were different 

compared to the rest of the test series. Batch 10.2 was in this sense much more reactive 

than the other wood pellets batches (batch 5.2 and batch 17). The difference from the 

screening tests was that the order between batch 5.2 and batch 17 was switched in the  

1 m3 test results, i.e. for 120 °C batch 17 reacted significantly faster. This is probably 

caused by different behaviour and relation to an increased temperature for different 

types of material, i.e. the straw pellets (batch 17) do not follow the same temperature 

dependency curve as wood pellets (this is supported by unpublished internal data). 

 

 

Figure 10. The figure shows nominal test temperatures subtracted from calculated average 
temperatures (using the three highest temperatures) for the different batches. An ignition 
occurred in test 1, test 2, test 7, test 8, test 9 and test 10. The times are not adjusted for different 
pre-heating times. 
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4.3 Gas concentration measurements 

4.3.1 Measurements of O2, CO and CO2 

The concentrations of O2, CO and CO2 were measured at four positions inside the test 

container. The positions were next to TC 4 (level 1), next to TC 6 (level 2), next to TC 8 

(level 3) and in the headspace close to TC 10 (level 4). Gas measurements were not 

conducted during preheating (except test 1). Concentrations of O2, CO and CO2 versus 

time are presented in Figure 26 - Figure 35 in Appendix A. 

In general, it was observed that as soon as the pre-heating was finished and the 

ventilation was reduced, oxygen was consumed, and significant amounts (%-levels) of 

CO and CO2 were produced (in particular when the bulk temperature increased). This 

clearly indicates an oxidation taking place. 

An impact from the introduced airflow (30 l/min) (in test 6 to test 10) can be noticed; 

of the four levels, the highest concentration of oxygen tends to be observed on level 4 in 

the first five tests. In test 6 to test 10, instead the lowest concentration of oxygen is 

observed on level 4. This is expected since the forced airflow pushes gases upwards and 

creates turbulence in the headspace. 

In test 4 and test 5, when air entrance was strictly limited, the concentration of oxygen 

dropped fast. The reduced oxygen concentration probably limited any oxidation i.e. 

self-heating.  

4.3.2 Measurements of aldehydes 

In the aldehyde measurements, the aldehydes presented in Table 9 were observed. The 

concentrations given are average concentrations during the time the sampler was 

installed inside the test container. A general observation is that the concentrations of 

propionaldehyde and butyraldehyde decreased during the test time, while the 

concentrations of formaldehyde, acetaldehyde and valeraldehyde tended to increase by 

time. 

Table 9: Aldehydes and average concentrations (min-max) observed in the different tests. 

Aldehyde Span of observed average concentrations (µg/m3) 

Acetaldehyde 2-50 

Acrolein 2-68 

Butyraldehyde 2-756 

Formaldehyde 0-393 

Hexanal 499-3343 

Valeraldehyde 5-540 

Propionaldehyde 0-102 

 

The precision of the method can be questioned, and the results shall only be used 

indicatively. In the first test, two gas samplers were installed in parallel inside the test 

container and for the same time. However, the measured aldehyde concentrations 

differed remarkable for the individual aldehydes. 
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5 Discussion 

5.1 Test set-up and procedure 

The first three tests were partly development tests used to find the most optimal and 

controlled conditions to evaluate the propensity of self-heating of the various types of 

pellets. The control of the temperature of the heating mats was improved during these 

three tests. This, improved, temperature control resulted in a better control of the wall 

temperature of the test container. 

It became obvious that the ventilation had a significant effect on the bulk temperature. 

In test 1 and test 2, the cooling of the bulk was significant due to the convection inside 

the test container. The convection caused room temperature air from the surrounding 

to enter the test container, which cooled the pellet bulk. In Test 3, with only the outlet 

open (next to valve C), a cooling effect was still observed. 

In test 4 and test 5, the test container was completely closed; this caused the oxygen 

concentration to be significantly reduced. This was believed to also reduce the self-

heating propensity. The use of a low and controlled, pre-heated airflow seemed to give 

more optimal conditions for self-heating and was used in the remaining tests  

(test 6 - test 10). 

Further improvements would be to obtain an even better control of the container wall 

temperature. Also, the pre-heating procedure of the bulk could be improved. The large 

airflow through the bulk for 4-6 h will activate the oxidation reactions but due to the 

airflow, this heat generation will be ventilated out of the test container by the forced 

ventilation. Using only the heating mats and the heated controlled airflow (30 l/min) 

would perhaps be better, however, the main disadvantage would be that the test 

duration would increase with probably another 24-48 h. 

5.2 Nominal test temperature 

The three types of pellets resulted in a spontaneous combustion at a nominal test 

temperature of 120 °C (test 7, test 8 and test 9). For batch 10.2, a test was run also at 

112.5 °C (test 10), which also led to spontaneous combustion. The difficulties during the 

pre-heating phase in test 8 likely had some impact on the result (i.e. time to ignition). 

However, what impact the prolonged pre-heating time had on the result is not known. 

A comparison of times to reach a critical temperature (here defined as 200 °C) in test 7-

test 10 is shown in Table 10. Both the times from the start of the test and the times from 

finalisation of the pre-heating are shown in the table. Pellet batch 10.2 is the most 

reactive pellet batch, which is in line with the expectations (referring to screening tests 

made by Larsson et al. (2017)). Because of the issues during pre-heating in test 8 it is 

more difficult to distinguish pellet batch 5.2 and pellet batch 17. If the pre-heating time 

is excluded from the time to reach >200 °C, batch 5.2 is more reactive than batch 17. If 

the pre-heating time is not excluded, batch 17 is more reactive than batch 5.2. 

Pellet batch 10.2 was also tested at 112.5 °C (test 10), in this case the time to reach 

critical temperature was longer than it was at 120 °C (test 7). This is logical since the 
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reactions taking place likely follow Arrhenius equation i.e. the reaction rate increases 

with temperature. 

Table 10. Times to reach ignition. Ignition was defined as when any of the thermocouples reached 
200 °C. 

 Test 7 Test 8 Test 9 Test 10 

Pellet batch 10.2 5.2 17 10.2 

Nominal test temperature [°C] 120 120 120 112.5 

Total time to >200 °C 20:46 26:44* 24:54 30:03 

Time to >200 °C (pre-heating excluded) [h:min] 16:03 17:09 18:36 25:24 

* Problems with an electrical fuse in the heating unit affected the pre-heating period. 
 
It is likely that also test 6 (nominal test temperature of 105 °C) had resulted in an 

ignition, as the temperatures inside the pellet bulk were still increasing when the test 

was terminated. The highest temperature at that time was approx. 140 °C. If the same 

temperature development as in test 7 and test 10 can be assumed, it is likely that the 

threshold of >200 °C had been reached after another 24 h, i.e. in total approx. 72 h.  

Although test 4 (pellet batch 5.2) was not conducted at the same conditions as test 7-

test 10, it is likely that also these pellets had caused an ignition if the test conditions 

had been similar (controlled air supply during the self-heating period) and if the test 

had been allowed to continue for a longer time. 

5.3 Comparison with microcalorimeter tests 

As mentioned in section 4.2.2 Temperature of pellet bulk, Larsson et al. (2017) 

investigated pellets reactivity by means of isothermal calorimetry (i.e. 

microcalorimetry). In that investigation, pellet batch 10.2 was more reactive than batch 

5.2, which was more reactive than batch 17. In the present study, it was confirmed that 

batch 10.2 was most reactive. The difference from the screening tests (by Larsson et al.) 

was that the order between batch 5.2 and batch 17 was switched, i.e. for 120 °C batch 17 

reacted significantly faster than batch 5.2 (in the screening tests). 

The different order of reactivity may be caused by: 

• Different behaviour and relation to an increased temperature for different types 

of material, i.e. the straw pellets (batch 17) do not follow the same temperature 

dependency curve as the wood pellets. This is important to remember when 

using methods with single temperature limits when assessing the self-heating 

propensity of pellets. 

• Limitations in mass transport causing e.g. local oxygen depletion. A difference 

between tests in a microcalorimeter and tests made in the present study is the 

ratio between air (i.e. oxygen) and pellet(s), 

• The airflow through the test container, which on one hand causes cooling of the 

pellet bulk, but on the other hand controls the availability of oxygen. It has been 

assumed that the air was distributed equally in the bulk, which has not been 

confirmed e.g. channels may have formed. 
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5.4 Gas measurements 

5.4.1 Measurements of O2, CO and CO2 

The results from gas measurements show significant differences between different test 

conditions. During the pre-heating period no gas measurements were made, but as 

soon as the pre-heating was finished and the ventilation was reduced (especially in tests 

2-5 with closed or reduced ventilation), oxygen was consumed and significant amounts 

of CO and CO2 were produced, in particular when the bulk temperature started to 

accelerate. In the tests with increased ventilation (test 1 with free convection and test 6-

test 10 with a reduced heated airflow), the oxygen levels were almost not reduced at all 

until the end of the test period when spontaneous combustion occurred. The CO and 

CO2 concentrations were also quite low until spontaneous combustion occurred. 

5.4.2 Measurements of aldehydes 

The aldehyde measurement results are uncertain. The difference in certain 

concentrations, for example for formaldehyde with duplicate samplers in test 1, cannot 

be explained. The samplers were located at the same position inside the test container, 

but the direction of the samplers may have been different which could have influenced 

the test results. The uncertainties due to the position of the samplers and the fact that 

the samplers were located inside the test container for different periods of time at 

different test conditions for the different tests, makes it difficult to compare and 

evaluate the data. Gas sampling, as for the O2, CO and CO2 measurements, might be a 

better way to obtain representative data. 

 

  



29 

© RISE Research Institutes of Sweden 

6 Conclusions 
• The test-configuration has been proved suitable for assessing the propensity for 

self-heating for different types of bio-pellets. The pre-heating phase can still be 

improved, both to prevent oxidation but also to get more similar pre-heating 

times. 

• The results indicate that pellet batch 10.2 is the most reactive pellet type. Due to 

problems during the pre-heating phase in test 8 it is difficult to make any 

conclusions about the reactivity (i.e. reaction rate) of pellet batches 5.2 and 17. 

If the time for pre-heating is excluded, pellet batch 5.2 is the second most 

reactive, followed by pellet batch 17. This corresponds well to work made by 

made by Larsson et al. (2017). 

• The test configuration allows spontaneous ignition to occur and the fire could be 

handled with a safe extinguishment procedure. 

• An advantage of the test configuration is that critical bulk temperatures found 

with the test are likely to be similar to real bulk temperatures. 

• It was demonstrated that the bulk temperature has a great impact on the rate of 

self-heating. Significant differences in heating rates (i.e. reaction rates) were 

seen in the test-temperature range 90 – 120 °C. 

• It was shown in the tests that ventilation has a large impact on the development 

of self-heating. This also influenced the results in the medium scale (1 m3) test 

set-up. A complete sealed and airtight container tends to generate an inert 

environment, which will slow down or even supress the self-heating. Too much 

leakage will cause convection, which will ventilate out gases and cool the pellet 

bulk. A controlled forced ventilated was shown to increase the self-heating 

significantly and resulted in spontaneous ignition in one test.  

• A test procedure with optimal ventilation was designed to allow separation of 

propensity for self-heating between different types of bio-pellets. 

• Further improvements of the test configuration would be to improve the control 

of the container wall temperature. Also, the pre-heating procedure of the bulk 

could be improved. 
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Appendix A: Measurement data 

 

Figure 11. Plot of length distributions for the three different pellet batches. 

 

Table 11. Results from pressure drop measurements. 

Air flow 
[l/min] 

Linear air velocity 
[m/s] 

Inlet pressure 
[Pa] 

Outlet pressure 
[Pa] 

Pressure drop 
[Pa] 

Norm. pressure drop 
[Pa/m] 

Batch 10.2 

51.0 0.042 28.2 0 28.2 18.8 

107.6 0.089 77.4 0.03 77.4 51.6 

164.3 0.136 152.9 0.12 152.8 101.9 

220.9 0.183 261.8 0.25 261.6 174.4 

Batch 5.2 

51.0 0.042 24.5 0.05 24.5 16,3 

107.6 0.089 64.7 0.12 64.6 43.1 

164.3 0.136 126.7 0.20 126.5 84.3 

220.9 0.183 220.7 0.35 220.4 146.9 

Batch 17 

51.0 0.042 40.0 0 40.0 26.7 

107.6 0.089 105.0 0 105.0 70.0 

164.3 0.136 206.0 0.15 205.9 137.3 

220.9 0.183 346.0 0.25 345.8 230.5 
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Figure 12. Temperatures along the centerline in the pellet bulk during test 1-6. 
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Figure 13. Temperatures along the centerline in the pellet bulk during test 7-10. 
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Figure 14. Temperatures along the container walls during test 1-6. 
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Figure 15. Temperatures along the container walls during test 7-10. 
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Figure 16. Temperatures at different positions in the pellet bulk during test 1. The nominal test temperature was 90 °C. 
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Figure 17. Temperatures at different positions in the pellet bulk during test 2. The nominal test temperature was 105 °C. 

  



38 

© RISE Research Institutes of Sweden 

 

Figure 18. Temperatures at different positions in the pellet bulk during test 3. The nominal test temperature was 90 °C. 
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Figure 19. Temperatures at different positions in the pellet bulk during test 4. The nominal test temperature was 105 °C. 
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Figure 20. Temperatures at different positions in the pellet bulk during test 5. The nominal test temperature was 105 °C. 
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Figure 21. Temperatures at different positions in the pellet bulk during test 6. The nominal test temperature was 105 °C. 
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Figure 22. Temperatures at different positions in the pellet bulk during test 7. The nominal test temperature was 120 °C. 
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Figure 23. Temperatures at different positions in the pellet bulk during test 8. The nominal test temperature was 120 °C. 
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Figure 24. Temperatures at different positions in the pellet bulk during test 9. The nominal test temperature was 120 °C. 
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Figure 25 Temperatures at different positions in the pellet bulk during test 10. The nominal test temperature was 112.5 °C. 
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Figure 26. Concentrations of carbon monoxide (CO) (top left), carbon dioxide (CO2) (top right) and oxygen (O2) (bottom left) during test 1. 
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Figure 27. Concentrations of carbon monoxide (CO) (top left), carbon dioxide (CO2) (top right) and oxygen (O2) (bottom left) during test 2. 
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Figure 28. Concentrations of carbon monoxide (CO) (top left), carbon dioxide (CO2) (top right) and oxygen (O2) (bottom left) during test 3. 
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Figure 29. Concentrations of carbon monoxide (CO) (top left), carbon dioxide (CO2) (top right) and oxygen (O2) (bottom left) during test 4. 
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Figure 30. Concentrations of carbon monoxide (CO) (top left), carbon dioxide (CO2) (top right) and oxygen (O2) (bottom left) during test 5. 
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Figure 31. Concentrations of carbon monoxide (CO) (top left), carbon dioxide (CO2) (top right) and oxygen (O2) (bottom left) during test 6. 
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Figure 32. Concentrations of carbon monoxide (CO) (top left), carbon dioxide (CO2) (top right) and oxygen (O2) (bottom left) during test 7. 
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Figure 33. Concentrations of carbon monoxide (CO) (top left), carbon dioxide (CO2) (top right) and oxygen (O2) (bottom left) during test 8. 
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Figure 34. Concentrations of carbon monoxide (CO) (top left), carbon dioxide (CO2) (top right) and oxygen (O2) (bottom left) during test 9. 
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Figure 35. Concentrations of carbon monoxide (CO) (top left), carbon dioxide (CO2) (top right) and oxygen (O2) (bottom left) during test 10.
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