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This thesis presents experimental work performed to develop a sensitive screening 
test procedure for biomass pellets, using isothermal calorimetry for direct 
measurement of the heat production rate. This method can be used to directly 
compare the reactivity, that is how prone the fuel is to self-heating, of different 
batches of biomass pellets. The results could be used for safety assessment by the 
industry or for research purposes to investigate how different factors influence 
the self-heating potential.

Experiments were performed with 31 different biomass pellet batches to 
investigate how the pellet composition, origin, etc. influence the heat release 
rate. The results clearly show that there is a significant difference in reactivity 
between different types of pellets. Pine/spruce mix pellets are more reactive than 
the other types of pellets tested and pellets consisting of 100 % pine are more 
reactive than pellets consisting of 100 % spruce. Pellets produced from winery 
wastes, straw, or eucalyptus, have low reactivity compared to pellets consisting 
of pine and/or spruce.

The results also show that the reactivity of the pellets can be reduced by either 
introducing certain types of anti-oxidants into the pellets or by extracting lipids 
from the raw material of pellets.
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2  Abstract In order to assess the risk for spontaneous combustion of biomass pellets during storage it is important to know how prone the fuel is to self-heating, i.e. to determine the reactivity. This thesis presents experimental work performed to develop a sensitive screening test procedure for biomass pellets using isothermal calorimetry for direct measurement of the heat production rate. This method can be used to directly compare the reactivity of different batches of biomass pellets. The results could be used e.g. by facility owners to gain better knowledge of their fuels propensity for self-heating and thereby promote safer storage.   The screening test procedure can also be used for research purposes to measure reactivity and investigate how the pellet composition or other varying factors influence the heat release rate (HRR) and thus the self-heating potential of pellets. Experiments were performed with 31 different biomass pellet batches to investigate how the pellet composition, origin, etc. influence the HRR of the pellets.  The results from these experiments clearly show that there is a significant difference in reactivity between different types of pellets. The different batches were ranked, primarily based on maximum specific heat release rate (HRRmax), where a high number means a pellet is more reactive and more prone to self-heating.  The experimental results also indicate that pine/spruce mix pellets are significantly more reactive than all other types of pellets tested and that pellets consisting of 100 % pine are more reactive than pellets consisting of 100 % spruce. Pellets produced from wine pruning/grape pomace (winery wastes), straw, or eucalyptus are not very reactive compared to pellets consisting of pine and/or spruce.  The results also show that the reactivity of pellets can be reduced by either introducing certain types of anti-oxidants into the pellets or by extracting lipids from the raw material of pellets.  Keyword: isothermal calorimetry, biomass pellets, wood pellets, self-heating, reactivity, screening test  



3  Sammanfattning För att kunna bedöma risken för självantändning vid lagring av pelleterade biobränslen är det viktigt att veta hur benäget bränslet är att självuppvärma, d.v.s. hur reaktivt det är. Denna licentiat-avhandling presenterar experiment som utförts med isoterm kalorimetri för att utveckla en screeningprocedur som kan användas för att mäta värmeproduktionshastigheten hos pelleterade bio-bränslen. Metoden jämför reaktiviteten mellan olika batcher av pellets. Resultaten kan t.ex. nyttjas av anläggningsägare för att få bättre kunskap om sitt bränsles benägenhet för självuppvärmning och därigenom vidta åtgärder för säkrare lagring.  Den utvecklade screeningproceduren kan även användas inom forskning för att mäta reaktiviteten och undersöka hur bränslets komposition (råmaterial) eller andra faktorer påverkar värme-produktionen och därmed självuppvärmningspotentialen hos bränslet. Experiment har utförts på 31 olika pelletsbatcher för att undersöka hur råmaterial, ursprung etc. påverkar värmeproduktionen och därmed självuppvärmningspotentialen hos pelleterade biobränslen.  Resultaten från experimenten visar tydligt att det finns en betydande skillnad i reaktivitet mellan olika typer av pellets. De provade batcherna rangordnades, huvudsakligen baserat på maximal värmeproduktion (HRRmax), där höga värden betyder hög reaktivitet och därmed större benägenhet för självuppvärmning.   Provningsresultaten visar att pellets bestående av en tall/gran-blandning är betydligt mer reaktiva än alla andra typer av pellets som provades. Pellets bestående av 100 % tall är också mer reaktiva än pellets bestående av 100 % gran. Pellets tillverkade av halm, eukalyptus eller restavfall från vinbeskärning, visade sig inte vara särskilt reaktiva jämfört med pellets bestående av tall och/eller gran.  Resultaten visar också att reaktiviteten på pellets kan reduceras genom att antingen tillsätta vissa typer av antioxidanter eller genom att ta bort lipider från råmaterialet vid tillverkning.  



4  Nyckelord: isoterm kalorimetri, pellets, biomassa, självuppvärmning, reaktivitet, screeningtest  
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10  2 Introduction 

2.1 Background To reduce the dependence and use of fossil fuels, the development and use of various renewable energy sources are significantly increasing. This development has, therefore, led to much more extensive handling and larger stockpiles of different biomass fuels. Biomass pellets are an example of such a fuel, where production and handling have increased substantially since production started in Europe and North America in the 1970s. Today there are 760 pellet production plants with a total capacity of 42 million tons worldwide. Europe consumes about 70 % of the pellets produced globally, using the pellets for power and/or heat production [1].  Biomass pellets are not suited for outdoor storage and are normally stored at very high volumes in large piles inside storage buildings or in silos. Storage in large piles in itself is nothing new, but the increase in storage volumes locally at large intermediate storage facilities or at large consumer depots presents increased risks. One such risk is spontaneous ignition due to self-heating of biomass pellets [2, 3]. There are reports of a number of fire incidents due to spontaneous ignition in large wood pellet storage facilities, with several of them resulting in total destruction of the storage facility.  The risk for self-heating varies between different types of fuels [4] and also for different type of biomass pellets. The raw material mixture and age of the pellet affects the self-heating potential, but pellets with seemingly similar composition and age can differ significantly in reactivity [5]. To reduce risks of self-heating and avoid fires it is therefore important for facility owners to know how prone a specific fuel is to self-heating; suitable tests methods are required to provide this information.  
2.2 Objectives and focus of this study This study has been made to reduce the risk for fires during storage of biomass pellets and to improve understanding of the self-heating process. Specifically, the objectives of this study has been to understand the influencing parameters, which included the development of a screening test procedure based on isothermal 



11  calorimetry. This test procedure can be used to measure the reactivity, i.e. the risk for self-heating of biomass pellets. This test procedure was also used to study how different parameters influence the reactivity of biomass pellets, to gain better understanding of the self-heating process.  The focus of the first paper was to develop the screening test procedure. A large number of experiments were performed with three different types of pellets having a range of characteristics to assess the variation in their behaviour. Parameters such as temperature, type of the test sample (powder/crushed or pellets), mass of test sample and pre-heating time were varied to establish a suitable test procedure.   The purpose of the second paper was to use the screening test procedure to characterize pellets by measuring their reactivity and to investigate how the pellet raw material composition influences the HRR and thus the self-heating potential of pellets. 
2.3 Limitations Fires in a pellet storage facility can arise from many different sources: self-heating, friction, hot objects, sparks, vehicle fires, arson. However, this thesis focuses only on self-heating.   The experimental work described in this thesis has been performed within the European project “Safety and quality assurance measures along the biomass pellets supply chain” (SafePellets). This thesis covers the small-scale experimental work using isothermal calorimetry. However, the experimental work within SafePellets has also included study of self-heating with basket heating tests, medium scale (1 m3) tests and large-scale storage tests. Data from these experiments is not included in this thesis.  Off-gassing, see e.g. [3, 5], is closely linked to self-heating but is not included in this thesis. 
2.4 Outline of thesis Chapter 2 presents the background, focus and limitations of this study. In Chapter 3 a brief description of pellets is presented (3.1), followed by a description of the basic mechanisms of self-heating 



12  (3.2). Information about some of the test methods used to assess self-heating potential of different materials is described (3.3). The experimental work and main results are described in Chapter 4. A discussion about the topic is given in Chapter 5 and the main conclusions are given in Chapter 6. Finally, some suggestions on future research are presented in Chapter 7.    



13  3 Literature study This chapter presents a literature study on the history and basic mechanisms of self-heating and on test methods used to assess self-heating potential of pellets. Also a brief description of biomass pellets is given in Section 3.1. 
3.1 Biomass pellets Biomass pellets are a refined fuel with low moisture content, high energy density and homogenous size and shape. Biomass pellets are normally produced by milling wood chips, bark, planer shavings or sawdust into a fine powder, which, after drying, is compressed into pellets. Raw materials, other than wood can also be used in biomass pellets. Examples of such pellets examined within the project for this thesis are pellets made from straw and grape pruning/grape pomace (winery wastes).   Typically, wood pellets have a diameter of 6-8 mm and a length not exceeding 40 mm. The moisture content is usually between 6-10 % and the gross calorific value around 20 MJ/kg (or the net calorific value at constant pressure above 16.5 MJ/kg). The ISO 17225-1 standard defines criteria such as diameter, length, density, moisture content and ash content for wood pellets [6-9].  These refined biomass fuels started to be manufactured in large scale in the 1980s in Sweden and the USA. The quantity produced has increased every year since then in Europe, North America and Asia to become an internationally traded product [10]. The market for pellet production is expected to increase even further due to increased awareness of climate change and increased demand for renewable energy sources. On a global scale, so far only about 25 % of the earths’ countries produce pellets but the raw material is available in a majority of countries. Awareness of pellets is spreading and biofuels are the only way to quickly replace fossil fuels in boilers, power plants and heat production plants [11].   This increasing transition from fossil fuels to various types of biofuels has led to much more extensive handling and larger stockpiles of biomass fuels. The energy density of a wood pellet is also lower than fossil fuels, which further increases the required storage volumes.  



14  3.2 Self-heating Self-heating is a well-known phenomenon, and can be observed for different kinds of porous materials. The self-heating can be due to biological metabolic reactions from bacteria, chemical oxidation, and physical transition reactions (e.g. water sorption). These reactions can occur individually or in combinations and if the heat produced cannot be transported away it will cause self-heating. The temperature may then reach thermal runway, which will lead to spontaneous combustion [12].   Biomass pellets are normally hygroscopic (except some types of torrefied or black pellets), i.e. they can attract and hold water molecules from the surrounding environment if exposed to moisture. To maintain the low moisture content and the structure of the fuel, biomass pellets therefore require a protected environment. Biomass pellets are normally stored in large piles in huge storage buildings after production, or in silos which can be very large in size.   Self-heating is usually most prominent in the centre of a pile due to the relationship between heating and cooling processes. If the heat losses are less than the heat produced, the temperature will keep rising and could possibly lead to spontaneous ignition. The rate of most chemical heat release reactions increases almost exponentially with temperature, while heat losses mostly occur by conduction, which has a linear dependence on temperature. Larger storage volumes generally increase the risk for self-heating due to the low surface/volume ratio. For a body of a given shape the surface/volume ratio decreases as the body gets larger, which means that the relative surface area for heat loss decreases with increased storage volume. Also the ambient (surrounding) temperature and the shape of the body (storage conditions) affect the self-heating potential [13].  Self-heating can also occur in regions that are not at the centre of a pile if the material is non-homogenous or the availability of oxygen is non-symmetrical. Since the spread of the reaction front is affected by the availability of oxygen, the spread is not always symmetrical, but follows the oxygen, which can lead to unexpected smouldering patterns in a pile of material. Open flames are seldom present inside the pile of material since the channels present in the porous material 



15  are normally smaller than the quenching diameter. Flames can develop, however, when the reaction front reaches a surface open to air or when gases produced in the bulk material mix with air in the head space of a silo and ignite. Therefore, there is a risk of open flames when material is removed from a large pile or a silo and oxygen is allowed to come closer to an area where a smouldering process might be occurring [14].  A number of fire incidents due to spontaneous ignition in large wood pellet storages have been reported. One example is the fire in the city of Härnösand, Sweden, in the fall of 2004 where spontaneous ignition occurred almost simultaneously in three large silos, each containing 3000 m3 of wood pellets. Other examples of incidents in large storage buildings in Sweden are the fires in the cities of Skellefteå (2004), Ramvik (2005), Kristinehamn (2007) and Laxå (2010 and 2012) [12, 15]. 
3.2.1 Self-heating and history  Self-heating and spontaneous combustion have been a known problem for a long time. One of the first known research articles about the subject was published in 1781 when Count Ivan Grégorevitsch de Czernischem, vice president at the Saint Petersburg Admiralty College, performed several self-heating tests with materials soaked in oils. The background for the tests was a Russian frigate that caught fire in the harbour of Cronstadt on April 20, 1781. The cause of the fire was suspected self-heating due to storage of a hammock that had accidently been soaked with a staining preparation that included hempseed oil. The Count performed several self-heating tests with different kinds of oils, prepared in different ways (e.g. cooked or raw), and different kinds of materials. In some tests he observed self-heating and ignition within a few hours and in some cases some degree of self-heating emerged but diminished without ignition. Even though the source of self-ignition was quite clear, an explanation of the mechanisms and understanding of the problem were not examined further. No theory about what caused the self-ignition was given [16].  The problem with self-heating also came into attention during the industrial revolution in the 19th century. Self-heating and spontaneous 



16  combustion in stacks of coal, vegetable oils, hay and other agricultural crops started to become a serious problem when the production rates increased, causing increased transportation and larger stockpiles. For example: UK produced and exported approximately 50 % of the world’s total production of coal in in the late 1870s. Numerous ships transporting the coal were lost at sea due to spontaneous combustion of the cargo. Also stockpiles of coal at strategic locations to supply steamships with fuel, experienced spontaneous combustion in many cases. All this led to loss of lives, ships, storage facilities and of course coal [17]. These events triggered an interest in the problem and in 1882 a book written by Thomas Rowan was published that focused entirely on the problem with self-heating and fires in coal on ships [14, 18].  Another example from the late 19th century is the usage of oils at mills, causing numerous fires due to self-heating. Insurance companies then tried to find a way to classify the self-heating propensity of oils. The idea was that mills using more high risk oils should also pay higher insurance rates. The existing chemistry techniques were not sufficient to test this so in 1884 a test method was presented by a professor Ordway at the Massachusetts Institute of Technology. The test instrument was basically a horizontal steel cylinder containing two cotton balls, one soaked in oil and one without, located 300 mm apart. The cylinder was located inside a larger cylinder, which was heated from outside with a Bunsen burner. Inside the inner cylinder there were 3 thermometers for controlling the temperature. This early test method did not have any performance criteria and it is unclear if the testing really led to better safety at the mills at this time. The test instrument was improved by Machey in 1895 and has been further improved several times over the years despite its questionable usefulness [14].  Nikolay Semnov was the first person to present a mathematical theory on self-heating and spontaneous combustion. He published two important publications, “Chemical Kinetics and Chain Reactions” in 1934 and “Some Problems of Chemical Kinetics and Reactivity” in 1954 (reviewed in 1958). For this important work he was awarded the Nobel Prize in Chemistry in 1956. David Albertovich Frank-Kamenetskii was a graduate student of Semenov and further developed the theory on self-heating. In 1939 Frank-Kamenetskii 



17  presented a new theory for non-linear temperature profiles in materials, which is still a foundation for many models used to calculate critical conditions for self-heating in solid materials [19, 20]. The basic assumption of the theory is that the heat generation consists of a single reaction which is a function of temperature and follows an Arrhenius equation. There are also additional assumptions which generally will not be met in practice without applying correction factors to compensate. Since the method was first introduced many other scientist have contributed to it and developed the theory further but Frank-Kamenetskii has become a generic name for models dealing with inner temperature profiles [13]. See section 3.3.1 for more information on the Frank-Kamenetskii theory.  Above are just a few examples from the history of self-heating research. Even though the knowledge about self-heating and spontaneous combustion has increased over the years, the problem is still as valid today as it was in the 19th century. Today, the need for environmentally friendly fuels has resulted in increased production of biofuels and waste/recycling-based fuels to new records. Since the energy content of biofuels and waste generally is lower than for fossil fuels, larger amounts are required and therefore more transport and larger stockpiles. This increases the risk for self-heating and spontaneous combustion and fires in storage facilities have become more frequent [21]. The fires may not always be as severe as they would have been 100 or 200 years ago, since we generally have better detecting and extinguishing systems today, but many fires still result in complete destruction of transport and storage facilities.   Even though the problem with self-heating was addressed already in the 18th century and came into focus again during the industrial revolution, the detailed knowledge and understanding of why self-ignition occurs and how to avoid it is insufficient in some cases. There is still much to learn about the mechanisms causing self-heating. 
3.2.2 The mechanisms of self-heating  Self-heating in a material can be seen as the first step in a process that might be followed by rapidly accelerating temperatures (usually called thermal runway) which could finally result in spontaneous combustion. The combustion can be either smouldering or visible 



18  flaming. The self-heating is caused mainly by three phenomenon; microbiological decomposition, chemical oxidation, or physical phenomenon such as hydro-thermal moisture migration. These three processes can act alone or in combination, where the dominating process depends on the conditions, e.g. temperature and moisture content. These processes are further described in section 3.2.2.1 to 3.2.2.3. Forest products can also initially produce heat through respiration of living cells in the sapwood, bark and leaves. However, self-heating from respiration is not applicable for biomass pellets since drying and high temperatures during manufacturing kill the respiration cells [2]. Respiration is therefore not described further in this section. 
3.2.2.1 Microbial reactions Microbes such as bacteria, moulds and fungi occur in most organic materials and can generate heat during decomposition of the material. Both the surrounding environment and the material characteristics determine the extent or concentration of the microbes. Materials that have relatively high moisture content provide a suitable environment for microbial growth because microorganisms use nutrients that are dissolved in water [22]. Microbes are also sensitive to temperature and are generally classified according to their thermal survival temperature range: psychrophilic, mesophilic, thermophilic and hyperthermophilic. Mesophilic microbes are for example active between 10-45 °C and if the temperature rises further thermophilic microbes take over and are active up to 70 °C. Since microbe metabolism tends to be vigorous at high temperatures, the microbes thrive and produce maximum heat close to their upper temperature limit. At temperatures above 80 °C most microbe activity will have ceased [2].   In wood pellets there is very limited or no presence of microbes. In fact, there are no proven records that microbes are involved in any significant degree in self-heating of wood pellets [23]. The low moisture content of pellets, which is typical 6-10 %, limits the growth of microbes. Further, the high temperatures during the pellet production process also make it unlikely that any microbes could survive in such an environment [12].  



19  If microbes are found in pellet piles, they have probably been introduced by water or some other type of humidity leaking into the storage room. However, microbial activity can occur in piles of wood chips, sawdust, bark etc., which are the most common raw materials used for pellet production. These biomaterials are often stored outside for a period of time before pelletisation and can self-heat due to physical, biochemical, microbial and chemical processes. The microbes are killed by the high temperatures during the pellet production process later though, as described above.  
3.2.2.2 Chemical oxidation Chemical oxidation is the main contributor to self-heating in stored wood pellets and also in some non-pelletized materials, such as wood chips. The oxidation process is complicated and not fully understood. The oxidation reactions take place on the surface of the material and exothermic heat is produced when unsaturated fatty acids or resin acids in the biomass oxidize. This generates carbon dioxide (CO2) and water, and also carbon monoxide (CO), methane (CH4), volatile organic compounds (VOC), including aldehydes and other emissions that may have a negative impact on the indoor environment. The oxidation process also leads to depletion of oxygen, which is a potential hazard to exposed people [3, 7, 8, 12, 24-29].   The oxidation process, and thus the self-heating, accelerates exponentially with rising temperature. The oxidation of wood constituents normally starts to have some influence from 40 °C and generally becomes the dominating process at temperatures above 50 °C. At high temperatures (approximately above 80-90 °C) chemical oxidation is the only source of heat in self-heating [2]. The auto-oxidation process is controlled by access to oxygen though. Limited access to oxygen slows down the oxidation process and in a sealed storage compartment a self-heating process can eventually die out due to oxygen deprivation. This tactic is often used when fighting self-heating fires in silos. The recommended actions are to “remove” oxygen by sealing the silo and to inert the silo with nitrogen gas from the bottom. When the fire is supressed, the material is emptied under controlled conditions. During the emptying process, the material needs to be monitored for hot spots, which must be extinguished. If not, access to fresh oxygen can re-ignite smouldering material [15].  



20  3.2.2.3 Physical reactions Self-heating can occur in a pile of material by physical phenomenon such as hydro-thermal moisture migration. In large scale storage situations, migration of moisture through the material will create both exothermic and endothermic reactions and it is exothermic reactions that can cause the self-heating. Storing pellets with different moisture content increases the risk for self-heating since moisture will be transported within the pile by diffusion to reach equilibrium and energy will be emitted as differential heat. The same process is also responsible for self-heating fires occurring when leaking water has wetted dry pellets within a storage facility [2]. It is therefore important to store pellets indoors and avoid water wetting.   Pellets are hygroscopic and may adsorb moisture from the surroundings (except torrefied or black pellets). This exothermic reaction produces condensation heat. The quantity of the heat released depends on the material and the phase of the moisture adsorbed, i.e. if it is from liquid water or from water vapour. For completely dry materials the differential heat released from wetting by liquid water is approximately 1170 J/g of water for wood. However, when moisture is absorbed from the air, the heat of condensation is approximately twice this amount [30]. Therefore, vapour adsorption is usually the major contributor to condensation heat. Low initial moisture content of the pellets and/or high air humidity will increase the risk of heat generation by moisture absorption. Pellets with low initial moisture content (around 5 to 6 wt %) are more reactive and will absorb moisture more easily than pellets with higher initial moisture content (around 8 to 10 wt %). Pellets with a higher amount of particles (fines) will absorb moisture more easily and have a higher risk of self-heating. To reduce the risk for self-heating one preventive measure can therefore be to remoisten them, i.e. increase the moisture content of the pellets before storage [31]. 
3.3 Test methods to predict self-heating There are several methods used for determining self-heating potential and self-ignition of materials. Most involve experimental methods that are performed in small scale. The results are sometimes used to calculate kinetic parameters, such as the heat of reaction (Q) and the activation energy (E), for a sample. The kinetic parameters obtained 



21  are then extrapolated using Frank-Kamenetskii theory to predict critical storage volumes at larger scale [32]. Some test methods used for determining kinetic parameters and assessing self-heating potential are described below.  
3.3.1 Oven basket test - FRS method Oven basket tests are the most common test methods used for small scale testing of self-heating. There are several versions of these methods, including analytical methods for research purposes and standardized methods used for the testing of dangerous goods for various modes of transport.   The first oven basket tests were historically introduced by Philip Bowes and colleagues at the UK Fire Research Station (FRS) and have been developed and refined over decades. The researcher Paula Beever has summarized this test method in the SFPE Handbook [33]. With the FRS technique a sample is placed inside a wire mesh cube, which is located inside an oven at a fixed temperature. The temperature is then measured in the oven and at the centre of the sample. In some cases the surface temperature of the sample is also measured to make sure that the temperature of the surface of the specimen is approximately the same as the oven temperature. This is important since one of the conditions for the method is that the Biot number approaches infinity. A fan is used inside the oven to increase thermal convection and thus the Biot number. It is assumed that if the flow velocity exceeds 10 m/s, the Biot number becomes infinite [14].  During a basket heat test, three different temperature patterns can be observed in the centre of the sample (see Figure 1):  A. Subcritical. The temperature in the centre increases slowly towards the oven temperature, but never exceeds it. No self-heating behaviour is observed. B. Critical. The temperature in the centre of the sample increases only a little above the oven temperature, reaches a plateau, and then decreases.  C. Supercritical. The temperature in the centre increases, sometimes reaches a plateau, before rising rapidly above oven 



22  temperature. Self-heating has occurred. This is also called thermal runway.    Figure 1 Possible thermal patterns during basket tests; A) subcritical, (B) critical or (C) supercritical [34].  Tests are repeated with increased oven temperature until the supercritical temperature (Tc) occurs. There is usually a distinct line between critical and supercritical temperature, differing by only 1-2 °C. When the supercritical temperature has been found for one basket size, the procedure is repeated with other basket sizes. Normal sizes are baskets with side dimensions 25, 50, 100 and 200 mm and at least 3 sizes need to be tested. This is, therefore, a time consuming test method that requires many tests. It is also important to recognise that there are two different critical temperatures discussed in the literature: one is the critical ambient temperature (CAT) and the other is the critical stacking temperature (CST), which is the temperature of the material. The latter may be 20 °C to 30 °C higher than the critical ambient temperature [14].  The results from the tests can be plotted with 1000/T0 (T0 being the supercritical temperature) on the y-axis and the basket volume/surface area ratio r on a log scale x-axis (side length of the cube). The results then fall into a straight line and it is possible to directly read the supercritical temperature (or rather 1000/T0) for C 

A 

B 



23  other, perhaps larger baskets by extrapolating the data fit line. One can also numerically calculate the supercritical temperature by using the corresponding equation of the straight line [14].  The analysis mostly used in combination with the FRS method is called Frank-Kamenetskii. Frank-Kamenetskii developed a theory for self-ignition in the 1930s that is based on the following assumptions:  
- The self-heating reaction is generated by a single reaction that is a function of temperature. The reaction is not time dependent. The reaction activity is thus constant at a specific temperature and increases exponentially with increased temperature according to the Arrhenius equation below (the symbols are explained after Equation 2):  �� ��� = ���	
� ��  (1)  
- The activation energy is assumed to be sufficiently high so that � = ��� ≪ 1 where T0 is the ambient temperature. 
- The mode of heat transfer inside the sample is assumed to be solely by conduction. 
- The heat transfer from the sample surface of the specimen to the surroundings by convention and radiation is assumed to be so extensive that the surface temperature of the sample is the same as the oven temperature. This means that the Biot number →∞.  
- The material is assumed to be isotropic and homogenous, with physical properties that are not temperature dependent. Based on these assumptions, Frank-Kamenetskii developed an equation [33]:   δ = ρ��

λ
⋅	 ������ ⋅		
� ��⁄  (2)  Where:  

δ = the Frank-Kamenetskii parameter (-) �� ��� = heat generation term (W m-3) 
ρ = bulk density (kg m-3)  Q = heat of reaction (J kg-1)  



24  A = the pre-exponential factor in the Arrhenius expression for heat production in a body (s-1) 
λ = thermal conductivity (W m-1 K-1)  E = activation energy (J mol-1)  r = characteristic length for the storage configuration (m) R = the universal gas constant (R=8,314 J mol-1 K-1)  T0 = ambient temperature (K)  Different geometries, such as cubes, spheres or cylinders have critical values of the Frank-Kamenetskii parameter (��). Self-heating occurs if 
δ > ��. The critical value of �� can either be calculated by known methods or values for �� for different geometries can also be obtained from literature, for example in the Ignition Handbook, table 2-12.1 [14].  Equation 2 can be rewritten as:  � = � ��� �� . ���� . 	" #�$%��& (3)  Equation 3 gives the critical size at which a material starts to self-ignite as a function of the ambient temperature.  Equation 2 can also be rewritten as:   '( )������ * = + − ��� (4)  Where:   + = ln	)�� � ��� * (5)  The experimental results from a number of tests with different sample sizes are plotted, with 1/T0 on the x-axis and '( )������ * on the y-axis. A straight line is then formed and the slope of the line represents –E/R and the y-axis intercept represents P.   



25  The experimental results in combination with Equations 4 and Equation 5 are then used to calculate the heat production rate and activation energy (QA and E), which could be used to predict critical size for any full-scale configuration (Equation 3).   Due to the many assumptions in Frank-Kamenetskii theory, which are not always met in reality, a number of corrections can be made to ��, some more important than others [33]. 
3.3.2 Oven basket test – Crossing Point method An alternative to the FRS-method is described by Chen and Chong [35]. This method is commonly referred to as the Crossing Point (CP) method or the Crossing Pont Temperature (CPT) method. The method was introduced to speed up the testing procedure used for FRS-tests and can be used for determination of the kinetic parameters in self-heating substances. This method involves the peripheral heating of an initially “cold” exothermic material being subjected to a hot environment with a constant/isotherm temperature, and is based on analysis of the non-steady solution of the energy conservation equation. Initially the temperature at the centre is lower than the peripheral temperature, but at a certain time the centre temperature exceeds the other temperatures between the centre and the periphery. The centre temperature at this point is defined as the crossing point temperature.  The Crossing Point method by Chen and Chong [35] has been used by Lönnermark et al. [36] for self-heating tests of wood pellets. For each pellet type a series of tests were performed where the ambient (oven) temperature was different for each test. Temperatures were recorded throughout the heating process up to and beyond the crossing point. The Crossing Point was determined from the temperature recordings as described above. The following procedure was then used to calculate the heat production rate and activation energy (QA and E):  - ln(∂T/∂t) at crossing point is plotted against 1/TP for each ambient temperature. - These points are interpolated to a linear expression - Since, according to Chen et al., [35]:  



26   '( )//0* = '( )��12* − �� (5)  -E/R must be the coefficient in the linear expression and ln(QA/Cp) is the constant  Note that the specific heat capacity (Cp) in equation 5 must be known to calculate QA and E. Once the kinetic parameters have been evaluated with the Crossing Point method, Frank-Kamenetskii theory can be used in the same way as in FRS to predict self-heating.   Cuzzillo has evaluated the CP method in detail in his thesis [37] and includes a detailed error analysis of the method. Cuzzillo shows several advantages of the CP method over the standard FRS method. First, almost every test results in a useful data point in the graph. Further, it eliminates the need to measure or estimate the Biot number in the laboratory tests because �� does not need to be evaluated in these tests. This means that the heat transfer properties of the oven and the conductivity of the sample do not need to be known in the laboratory tests for determining the kinetic parameters.  Another comparison of the Crossing Point (CP) method and the Frank-Kamenetskii method (called the FRS-method in this thesis) has been performed by Pauner et al. [38]. The paper summarises experiments performed on three materials: two different protein powders and wood pellets. The test results from the different test methods have been compared and the results for one of the protein powders have also been compared to a real fire incident. The activation energy and heat of reaction have been obtained. The relationship between critical ambient temperature (CAT) and the storage size was determined. Also the relationship between CAT and the time to reach thermal runway for the materials was investigated. The results showed that the CP-method predicts much smaller critical side length for a storage situation at the same temperature compared to the FRS-method (7-8 m compared to 30 m at 27 °C). The authors of the paper believe that the CP-method prediction for large storage sizes is more in line with actual fires.  Despite the many assumptions and simplifications, the Frank-Kamenetskii models are used widely and appear to be working 



27  satisfactorily in many cases. There are, however, a number of limitations with the model. For example, no account is taken of moisture transport and the accompanying phenomena of hydrolysis, evaporation and condensation. This is an important factor, especially in moist material. Also, the tests (FRS or CP) are performed at high temperatures (usually above 100 °C) so no consideration is given to low-temperature processes [14, 32, 33, 39]. 
3.3.3 Oven basket test – Standardised test methods There are two basket heating tests methods that are published as standard documents, UN Test N.4 and EN 15188:2007. Test N.4 in the United Nations Manual of Tests and Criteria (UN MTC) Part 3, 33.3.1.6 is a screening and classification test for transportation [40]. The classification logic is shown in Figure 2 [41]. The basic principle of the test method is similar to other basket heating tests. The sample is located inside a wire mesh cube and the temperature is measured in the centre of the sample when exposed to an increased ambient temperature inside an oven. However, the N.4 test prescribes shielding of the wire-mesh basket from forced convection from the fan in the oven. This shielding is not present in FRS or Crossing Point basket heating tests. For the N.4 test, dangerous self-heating is deemed to occur if the temperature of the sample exceeds the oven temperature by 60 °C during the 24 h testing time.    



28                                    Figure 2 Decision logic for classification of self-heating substances and mixtures according to UN test criteria [41].  The other published standard document for basket heating tests is prescribed in EN 15188:2007, Determination of the spontaneous Substance/mixture Does it undergo dangerous self-heating  (> 200 °C) when tested in a 100 mm sample cube at 140 °C? Does it undergo dangerous self-heating (> 200 °C) when tested in a 25 mm sample cube at 140 °C? Is it packed in more than 3 m3? Does it undergo dangerous self-heating (> 180 °C) when tested in a 100 mm sample cube at 120 °C? Is it packed in more than 450 litres volume? Does it undergo dangerous self-heating (> 160 °C) when tested in a 100 mm sample cube at 100 °C?  No Yes No Yes Yes No Yes Yes  Not classified Not classified Not classified Category 1 Danger Category 2 Warning Category 2 Warning Category 2 Warning No Yes No No 



29  ignition behaviour of dust accumulations [42]. The test method is under revision at the moment and the scope will be changed to include granular materials such as biomass pellets in the next edition. EN 15188 is similar to the FRS-method; critical temperatures are found for different basket sizes and the results could be used for predictions of critical temperatures of larger volumes. However, as with the UN Test N.4, the EN 15188 test method also prescribes shielding of the wire-mesh basket from forced convection from the fan in the oven. This is not the case for the FRS-method. The reason for the shielding is to protect the sample material when fine powder is tested. This is, however, an important deviation from the Frank-Kamenetskii theory (see chapter 3.3.1) which relies on a high Biot number of the test specimen (the Biot number is the ratio of the convective heat transfer coefficient and the conduction in the sample material normalized by the characteristic dimension of the test specimen) to keep the boundary of the tests specimen at the analysis (oven) temperature. This deviation from the theory makes the results from these tests less useful for predictions of critical temperatures of larger volumes of material. 
3.3.4 Isothermal calorimetry Isothermal calorimetry is a sensitive technique (µW to mW-scale) used for studying heat production or consumption with high accuracy in a small sample and is used within a wide range of fields where heat production or heat consumption is of interest, for example in biology, medicine, explosives, food science etc. Isothermal calorimetry has also successfully been applied to measurements of heat flow caused by the self-heating of solid biofuel pellets [5, 36, 43-47]. Wadsö [43] has used isothermal calorimetry to examine the influence of temperature, oxygen pressure, water content, catalytic compounds etc. on the reaction rate of wood pellets. Also Guo [44, 45] has performed tests on wood pellet samples with different temperatures, moisture content and age. From this research by Wadsö and Guo, respectively, it is known that increased temperatures speed up the reactivity of a pellet. Fresh pellets are also more likely to experience self-heating than old/aged pellets [5].   The Danish project called “Large Scale Utilization of Biopellets of Energy Applications” (LUBA) also used isothermal calorimetry to 



30  examine self-heating in wood pellets [5, 36, 46]. The equipment used was an eight channel TAM Air 3116-2 isothermal calorimeter with a temperature range between 5 °C and 90 °C. For each channel a glass ampoule of 20 mL was used in combination with a reference sample. Approximately 4 g of pellets was put in an ampoule, which was sealed, see Figure 3, and then inserted into the TAM Air.    Figure 3 Examples of pellets samples in glass ampoules.  Inside the TAM Air, the ampule is in contact with a heat flow sensor, which is also in contact with a heat sink. This means that when heat is produced from the pellets inside the ampoule, a temperature gradient is developed across the sensor. The voltage, which is generated from the temperature gradient in the sensor, is then measured. The voltage signal is proportional to the heat flow across the sensor and thus also proportional to the rate of the process taking place in the sample ampoule [48]. The voltage-signal is converted into a heat release rate (HRR) result (mW). The results are time dependent and for wood pellets, usually a clear maximum is reached relatively quickly, followed by a long period of decrease in the HRR. Some typical HRR curves are presented in Figure 4 [5, 36, 46]. The pellets presented in Figure 4 represent one active (L) and one relatively inactive (M) type of pellet. The test method shows good repeatability and a clear difference between an active and an inactive type of pellet. During the tests performed, the HRRmax varied from 0.02 – 0.99 mW/g when 4 g 



31  of pellets were tested at 60 °C. However, the HRRs vary with temperature and the amount of pellets inside the ampoule.    Figure 4 Examples of heat release curves from the micro calorimeter for two types of pellets, one “active” (L) and one “inactive” (M) [5].  By measuring the HRRmax at different temperatures, a table of temperature vs. HRRmax can be created. The data from the tests can then be analysed the same way as in the FRS-method (see section 3.3.1). 1/T is plotted on the x-axis and ln	(�)�  is plotted on the y-axis. The results then fall on a straight line and the activation energy E can be obtained from the slope of the line, which equals –E/RT. The intercept of the y-axis represent ln(QA) [14, 36].    'n	(�)� = '((��) − �� (6)  Where: ��  heat generation term (W kg-1) Q heat of reaction (J kg-1) A pre-exponential factor in Arrhenius expression (s-1) E activation energy (J mol-1) R universal gas constant (J mol-1 K-1) T temperature (K) 0.00
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32   Compared to basket heating tests, isothermal calorimeter tests are performed at more realistic (lower) temperatures. However, the sample amount is also much smaller - only a few grams, which makes representative sampling more difficult. Isothermal calorimetry test results, and oven basket test results for that matter, offers a good basis for screening and comparing different samples to each other. However, using the quantified results, based on isothermal calorimeter or oven basket data, to predict self-heating at full scale is still quite unreliable and more development is needed.  
3.3.5 Thermogravimetry In thermo gravimetric analysis (TGA) the mass of a substance is measured as a function of temperature, while the substance is subjected to a controlled temperature programme. The most common methodology for self-heating tests is heating the substance at a linear rate [34, 49].   The analysis usually consists of a high-precision balance with a pan (generally platinum) loaded with the sample. That pan is located inside a furnace and is heated (or cooled) during the experiment. It is also possible to control the atmosphere during a test, for instance by having an inert gas to prevent oxidation or having an oxygen surplus to promote oxidation. Analysis is carried out by raising the temperature of the sample gradually and plotting mass against temperature or time [50]. Another useful and complementary method is to plot the first derivate of the TGA mass graph with respect to temperature or time, the so called DTG-curve. The rate of mass change in the TGA-graph is shown more clearly as peaks in a DTG-graph. Figure 5 shows a TGA and DTG test curve with the characteristic points marked on it (called TG and dTG in the figure). The maximum weight loss temperature (MLT) is an indication of the reactivity of the product. By running measurements at different heating rates, the TGA results can be used to calculate the activation energy E for the sample. IW is the increase in weight at the beginning of the heating process, which shows the capability of oxygen adsorption during initial heating and the initial oxidation of the sample. Combustion induction temperature (IT) is the temperature when combustion starts [34, 50].  



33    Figure 5 Example of Thermogravimetry results [34].  TGA is of limited applicability to a self-heating problem since only mass and not heat is measured. Only the activation energy E can be obtained from the measurement, but not the heat of reaction (Q) [14]. For biomass pellets, the exothermal behaviour during low temperature oxidation cannot be detected with TGA. The sample amount is also very small, only a few mg, which makes representative sampling difficult. 
3.3.6 Differential Scanning Calorimeter In Differential Scanning Calorimetry (DSC) a sample is heated at a predetermined rate while the heat flow from the sample is measured. The heat flow is obtained by measuring the difference in heating between the sample and a reference as a function of temperature. The inflection point in the temperature curve (CST), from when the temperature starts rising (i.e. oxidation starts) until the oxidation reaches its maximum temperature, is a measurement of the reactivity of the sample [34, 50].   



34   Figure 6 Example of DSC results. IET is the initial temperature when oxidation starts. FET is the final or maximum oxidation temperature [34].  With DSC it is possible to obtain the activation energy E and the heat of reaction (Q). According to Babrauskas [14] the DSC does not produce results with the highest precision. This thermal analysis technique is best used for rough estimates, rather than predicting results at full scale. 
3.3.7 Large scale testing of self-heating A desirable way to investigate self-heating is of course to do so in real scale storage situations. This is however often costly and sometimes also technically difficult to do. Only a few studies on self-heating in large scale pellets storage facilities have been found in the literature.  A study of temperature patterns in silo storage facilities in British Colombia was published in 2011 [51]. Temperatures were monitored in six large scale silos containing wood pellets for over 7 months. Each silo was equipped with 124 temperature sensors located on 12 cables, hanging inside the silo. During the measurement period the silos were charged and discharged at several occasions creating different scenarios. Elevated temperatures were reached several times inside the pellet bulk and the silos had to be discharged to avoid hazardous conditions. The temperature increased with the height in the silo and the maximum measured bulk temperature reached 69 °C. Patterns of the heat front movement inside the silo were also investigated.  In the British Colombia experiments [51] each silo also had fans for forced ventilation mounted beneath the silo floor. These can be used 



35  to cool the pellet bulk if needed. However, this forced ventilation could also cause condensation if the temperature of the pellets is below the dew point of the ambient air entering the bottom of the silo. This condensation process could possibly initiate a temperature rise due to release of differential heat. Therefore, ambient temperature and relative humidity were also monitored during the experiments. Measurements and calculations show that condensation of water vapour may have occurred during the test period but that no sign of this could be detected in the temperature data. One possible explanation for this might be the wide space between sensors. The authors recommend a higher density of temperature sensors and also sensors for relative humidity measurements within the pellet bulk.   In papers by Blomqvist et al. [52, 53] self-heating tests in different scales are presented. Small scale basket heating tests were performed (Crossing Point method) to retrieve kinetic parameters, such as the activation energy and the heat of reaction. Frank Kamenetskii theory was then used with this data to calculate critical temperatures for self-heating experiments in 1 m3 scale. The prediction showed that temperatures exceeding 80 °C were needed for spontaneous ignition to occur in this case and the experiments supported this prediction. The main conclusions from the tests [52] were that experiments in different scales are a valuable tool to characterise and predict self-heating. The quality of the pellets and the storage volume are important parameters controlling the self-heating and spontaneous ignition.  Experiments have also been performed in a 6 m high concrete silo (4 m3) [52, 54]. These tests were not focused on spontaneous ignition. Instead, local auto ignition was initiated by using a coiled heating wire located centrally inside the pellet bulk, which was turned off when a self-sustained pyrolysis was established. Almost 100 temperature sensors located inside the silo were used to study the development of the pyrolysis zone. Gas measurements were also conducted in headspace in the top of the silo and at 4 different heights inside the silo. Extinguishment tests were conducted using carbon dioxide (CO2), and alternatively nitrogen (N2), injected into the silo from the bottom. The results showed that the spread of pyrolysis gases inside a silo is very slow. It could take several days before the pyrolysis gases 



36  reach the surface of the bulk and can be detected. The experience from these extinguishment tests have also been applied in field measurements in two real fire incidents [52] and have been published in a handbook for silo fires [15].     



37  4 Experimental study The experimental study was performed in two steps. In the first step, tests were performed to develop and establish a suitable screening test procedure (Paper I). In the following step the test procedure was used on a large number of pellet batches to examine factors that could affect the self-heating potential (Paper II). The instrument used and experimental set-up was identical in both studies. 
4.1 Tested pellets More than 30 pellet batches were used in the experimental study. A summary is given in Table 1 but more detailed information is found in Paper I and Paper II. For the development of the screening test procedure (Paper I), pellets with different composition, origin and reactivity were used. The selected batches were no. 5.2, 10.2 and 17. For the screening tests (Paper II), all pellet batches in Table 1 were analysed.   Table 1 Overview and general information on the pellet batches used in the study. 
SafePellets 
Batch no. Composition (weight-%) Comments 

Commercially available wood pellet batches, sampled directly 
after production 5 100 % pine  - 5.2 100 % pine Produced in the same way as batch 5 but manufactured later. 6 20 % pine, 80 % spruce  - 8 100 % spruce - 9 40 % pine, 60 % spruce - 10 60 % pine, 40 % spruce - 12 50 % pine, 50 % spruce - 21 60 % pine, 40 % spruce Same as batch 9 but sampled after fire incident, June 2012   



38  Table 1 Continue 
SafePellets 
Batch no. Composition (weight-%) Comments 

Pellet batches produced from alternative raw material (not 
pine/spruce)  7 83 % straw, 11 % seed residue, 6 % spruce  - 11 100 % eucalyptus  - 22 100 % eucalyptus - 13 50 % wine pomace, 50 % grape marc - 19 100 % pine Torrefied  20 100 % pine Torrefied 
Pellets used during storage tests 17 83% straw, 11% seed residue, 6% spruce From flat storage experiments 18 20 % pine, 80 % spruce 1 m3 storage space 26 75 % spruce, 25 % fir and larch From large scale flat storage experiments 28 75 % spruce, 25 % fir and larch 29 75 % spruce, 25 % fir and larch 30 30 % pine, 60 % spruce, 10 % unknown From large scale flat storage 10.2 33 % pine, 67 % spruce and some additional matured pine From large scale silo storage experiment 
Pellets produced to test specific hypotheses 1 100 % pine  Different saw dust storage scenarios 2 100 % spruce 32 100 % pine  Lipid free 33 100 % pine  Reference for lipid free (batch 32) 15 100 % pine  Different press setups 16 100 % pine  23 100 % pine  Reference for anti-oxidants 24 100 % pine  Anti-oxidant treated 25 100 % pine  Anti-oxidant treated 27 100 % pine  Anti-oxidant treated  All pellet batches were put in a freezer at approximately -30 °C, in air tight plastic bags or buckets, when received. The pellets were then defrosted before testing, usually the day before. 



39  4.2 Instrumentation and experimental set-up 

4.2.1 Isothermal calorimeter For the experiments, an eight channel TAM Air 3116-2 isothermal calorimeter was used [55-57]. The instrument is manufactured by TA Instruments, New Castle DE, USA. The isothermal calorimeter was used to accurately (mW-scale) measure the generated heat flow caused by self-heating processes in the pellets. For each channel a glass test ampoule of 20 mL was used. The pellet sample was placed in the ampoule, which was then sealed with a Teflon coated septum and an aluminium crimp cap. For each test sample there is also an ampoule with an inert reference (i.e. it does not produce any heat). When lowered into the instrument, the ampoules with the sample and reference are in contact with parallel heat flow sensors, which are also in contact with a heat sink, see Figure 7. During the test, a temperature gradient is developed across the sensors. This temperature gradient is translated into the difference in heat release rate (HRR) between the sample and the reference, i.e. the rate of the process taking place in the sample ampoule.    Figure 7 Basic principle of heat flow measurements in the TAM Air instrument.  The test set-up with a sample and an inert reference means that any temperature fluctuations entering the instrument will influence both the sample and the reference sensors equally. Disturbances not related to the sample are thus rejected. For this to be effective though, the reference must have similar total heat capacity as the sample. Water was used as reference during these tests and the total heat capacity of the reference was close to that of the pellet material. To 



40  reduce temperature disturbances when inserting the samples into the instrument, the filled ampoules and inert references were pre-heated in a furnace at a temperature equal to the test temperature. A minimum of duplicate tests were performed for each pellet batch but for some batches up to 8 repetitive tests have been performed.   The TAM Air instrument was used with the software “TAM Assistant v1.3.0.150”, also supplied by TA Instruments, New Castle DE, USA. The heat flow measurements for the instrument were calibrated before testing, using the calibration procedures included in the software (see Paper I). Before each test was started, a 30 min baseline was measured when the instrument had reached stable/balanced conditions. The baseline is the output signal from the instrument when there is no heat produced. The baseline was also measured after the test has been terminated, the samples removed from the instrument, and the instrument had reached stable conditions.  Before each test, the glass ampoule was filled with a pre-determined mass of pellets, using a Denver Instruments TP-214 Digital Scale with a precision of 0.1 mg. The mass was approximately 4 g, except in those tests where sample size (sample mass) was varied, see section 4.2.3.2. 
4.2.2 Gas measurements For the development of a screening test procedure (Paper I), measurements of gas concentrations were performed in combination with isothermal calorimetry tests for some selected pellet batches. The atmosphere inside the glass ampoules, filled with pellet samples, was analysed regarding oxygen (O2), using gas chromatography (GC), GC 450 Varian, equipped with thermal conductivity detector (TCD). The glass ampoules, filled with pellets, were closed with a Teflon coated septum and an aluminium crimp cap.   Gas samples of 10 mL were extracted from each ampoule and introduced into the GC by a customised sampling system. The sampling system consisted of a needle passing through the septum and tubing between the needle and the instrument inlet port. An internal pump inside the instrument extracted and delivered the gas sample through the sampling system. When analysing a standard 



41  ampoule containing 100 % N2, the level of oxygen was found to be less than 0.1 %, which shows that there was no air contamination into the ampoule or sampling system. A 1 m Molecular sieve 5A packed column- 60/80 Mesh and a 1.8 m HayeSep packed column- 80/100 Mesh, in series, were used for separation. Helium with a flow rate of 30 mL/min was used as the carrier gas. 100 µL of the sampled gas was injected into the GC-column. The analysis system was calibrated using NPL gas bottles with standard gases (CO2, CO, O2 and N2). Empty ampoules were sealed, flushed through the septum with the standard gases and then analysed in the same way as the test samples.   Also carbon dioxide (CO2) and carbon monoxide (CO) was measured [58] but are not further presented in this thesis. 
4.2.3 Parameters studied for development of screening test 

procedure During the development of the screening test procedure, different parameters were varied: temperature, type of test sample (powder/crushed or pellets) and the mass of the test sample. Also, pre-heating time of samples and test duration were examined. All these parameters are factors that could influence the outcome of the test results. Furthermore gas concentrations were measured before and after some tests to obtain the oxygen consumption and the formation of CO and CO2 (see section 4.2.2). These measurements were performed to increase the understanding of the procedure. It is important to establish a test procedure that suits biofuel pellets and assures repetitive and comparable results.   The parameters studied are described below but more information is available in Paper I. 
4.2.3.1 Temperature Ambient temperature is a parameter that affects the reactivity of a pellet; increased temperature increases the reactivity. It was therefore important to investigate the temperature influence for the specific methodology developed. The three pellet batches were tested at 40 °C, 60 °C and 80 °C.  



42  4.2.3.2 Sample size The reason for performing tests with different sample size was to see if the HRR was restricted by the amount of oxygen inside the closed ampoule, i.e. if an observed decrease in HRR with analysis time could be explained by lack of oxygen. To study and quantify this effect, tests were run with different sample sizes of pellets: 2, 4, 6 and 8 g. These masses correspond to approximately ¼, ½, ¾, and a full ampoule with pellets. 
4.2.3.3 Pre-heating time Samples and references are usually pre-heated before entering the calorimeter, to reduce initial temperature disturbance. However, it is also important not to pre-heat the samples too long, since the heat release reactions for wood pellets can be rather fast. To make sure that the difference in initial disturbance does not affect the measured HRR, tests were performed on the same batch (batch 10.2), but with different pre-heating times before entering the calorimeter. The sample (4 g) and reference were pre-heated at the ambient test temperature (60 °C) for 30, 20, 10 or 0 min before being put into the instrument. 
4.2.3.4 Gas concentrations Gas concentrations were analysed in combination with the isothermal calorimetry tests at three temperatures: 40 °C, 60 °C and 80 °C for the different pellet batches. The atmosphere inside the ampoules, filled with the pellet samples, were analysed both before and after the tests. The main purpose was to examine oxygen depletion. There was a concern that the HRR for “high reactivity” pellets at high test temperatures could be restricted by lack of oxygen.  
4.2.4 Parameters studied during screening tests  The purpose of the screening tests was to characterize pellets by measuring the reactivity and investigate how the pellet raw material composition influences the HRR and thus the self-heating potential of pellets.  A total of 31 different pellet batches were tested, which could be divided into three different groups: 



43  • Commercially available wood pellets on the Scandinavian and German market. 
• Pellets with alternative raw material (not pine or spruce) having high future relevance. Examples are pellets made from wine pruning and grape pomace (winery wastes), straw, or eucalyptus. 
• Pellets produced specifically to test specific hypotheses. Examples are pellets produced with different production parameters, pellets with different types of anti-oxidants and lipid-free pellets.  An overview of the tested pellets is given in Table 1 but more detailed information is found in Paper II.  

4.3 Test results 

4.3.1 Development of screening test procedure 

4.3.1.1 Influence of temperature The three pellet batches 5.2, 10.2 and 17 were tested at different temperatures: 40 °C, 60 °C and 80 °C for 24 h. The results show there is a significant difference in specific HRR between the different temperatures, where the HRRmax is increasing, with increasing temperature. An example from tests of batch 10.2 is shown in Figure 8. The HRRmax also occurs earlier in time with increased temperature.    



44   Figure 8 Specific HRR in mW/g for batch 10.2 when tested at different temperatures in the isothermal calorimeter.  The results from the tests of the other batches show that at lower temperature (40 °C), it could be difficult to identify a clear HRRmax for a “low reactivity” pellet. At higher temperatures (80 °C), the “high reactivity” pellets can reach their HRRmax shortly after the start of the test. This could be a potential problem if it is difficult to distinguish the heat release measurements from the initial temperature disturbance that occurs when lowering the samples into the calorimeter. There is also a risk that the HRR is limited by oxygen depletion inside the ampoule for “high reactivity” pellets at 80 °C.  From the results of the tests with different temperatures, it was decided that 60 °C is the optimal temperature for a screening test procedure. 
4.3.1.2 Influence of sample size and gas measurements The degree of filling of the ampoule affects both the specific HRRmax and the shape of the curve after the peak/maximum. Smaller sample sizes produce a higher HRRmax per gram of pellets compared to ampoules with larger pellet mass, see Figure 9 and Figure 10. The explanation for this is unknown and discussed further in Paper I. Figure 9 also shows that for 8 g of pellets the graph has a sudden 



45  change in slope after approximately 7 h. This is probably due to lack of oxygen inside the ampoule.   Figure 9 Specific HRR in mW/g from pellet batch 10.2 at 60 °C in the isothermal calorimeter with different sample sizes.   Figure 10 Close up of Figure 9 for the first 2 h of the test, to view HRRmax more clearly.  



46  If observing total heat release (THR) for the total sample mass in each ampoule, see Figure 11, one can see that the THR is still increasing after 24 h. That means there are still heat-producing reactions in the pellets, especially for 2 g of pellets and to some extent also for 4 g of pellets. 6 g and 8 g samples have reached approximately the same THR after 24 h and the slope of these curves is decreasing faster than for the 2 g and 4 g samples. This means that most of the reactivity has ceased due to, presumably, lower oxygen concentrations in the ampoule. This is confirmed by measurements of the oxygen concentration. When testing 4 g of the most reactive pellet (batch 10.2) at 60 °C there is still approximately 6 % of oxygen left after 24 h, see Table 2. Therefore, more oxygen is available for 2 g of pellets and less oxygen is available for 6 g and 8 g of pellets.    Figure 11 Total heat release (THR) in J for the total sample mass for pellet batch 10.2 at 60 °C in the isothermal calorimeter with different sample size in the ampoule.   



47  Table 2 Oxygen concentrations in volume-% before and after tests of 4 g of pellets with isothermal calorimetry, at 60 °C. Batch O2 before test  O2 after 15 min pre-heating O2 after test Gas concentrations in volume percentage (vol-%) 5.2 20.6 ± 1 20.6 ± 1 9.0 ± 1 5.2 20.6 ± 1 20.3 ± 1 12.9 ± 1 10.2 20.3 ± 1 19.6 ± 1 5.6 ± 1 10.2 20.3 ± 1 19.2 ± 1 5.9 ± 1 17 20.4 ± 1 20.0 ± 1 18.0 ± 1 17 20.4 ± 1 20.1 ± 1 18.2 ± 1  Based on the results, 4 g of pellets was considered a suitable sample size for the screening test procedure if using 20 ml ampoules. This corresponds to approximately half-filled ampoules. Using this sample size (i.e. sample mass) will ensure that not all oxygen is consumed inside the ampoule during the 24 h test duration for most types of pellets, even for high reactivity pellet batches. Even if the oxygen would be consumed during the test of a high reactivity pellet, this would occur after the HRRmax has been reached.  If using larger ampoules, the recommended sample size corresponds to 0.2 g sample mass per ml ampoule. Using smaller ampoules than 20 ml since is not recommended since this makes representative sampling more difficult. 
4.3.1.3 Influence of pre-heating time A sample and a reference were pre-heated at the ambient test temperature (60 °C) for 30, 20, 10 or 0 min before being put into the instrument. As seen in Figure 12, the pre-heating time does not particularly affect the specific HRRmax, but the rise in HRR is delayed with less pre-heating time.  



48   Figure 12 Specific HRR in mW/g from pellet batch 10.2 at 60 °C in the isothermal calorimeter using different pre-heating times for the ampoule and reference. This is a close up of the first 2 h of the test to view more of the initial disturbance.  From the results of varying the pre-heating time, it was decided that 15 min of pre-heating at the ambient test temperature is reasonable to use for a screening test procedure. If not pre-heating the sample or if the pre-heating time is short, the initial temperature disturbance will be relatively large and it will take a longer time until actual measurements can be registered and trusted. However, it is also important not to pre-heat the samples too long, since the HRR reactions for wood pellets can be rather quick. For the sample pre-heated for 30 min, see Figure 12, no clear specific HRRmax could be observed. The specific HRRmax occurs before the initial disturbance have ceased. 
4.3.1.4 Influence of sample type (complete or crushed pellets) Two pellet batches: 5.2 and 10.2, were selected for testing with the isothermal calorimeter. Both whole pellets and crushed pellets were tested at the same time for comparison, see Figure 13. The results show that there is no significant difference in specific HRR between complete pellets and crushed pellets. All tests for the two pellet batches show good repeatability, regardless of the pellets being whole or crushed. The only difference between whole and crushed pellets is 



49  seen in the disturbance when putting the samples into the calorimeter. Crushed pellets show less disturbance.   Figure 13 Specific HRR in mW/g from pellet batch 5.2 and 10.2, complete pellets or crushed, at 60 °C in the isothermal calorimeter.  Since testing whole pellets is less time consuming, it was decided to use complete pellets for the screening test method.  
4.3.1.5 Influence of test duration One important factor that also must be considered when performing tests with isothermal calorimetry is the test duration. How long should tests be performed to get adequate data? For wood pellets the specific HRRmax occurs shortly after start of the test and the HRR then decreases exponentially [5, 43, 45]. Most of the tests presented in this paper have been terminated after 24 h, but not all reactivity has ceased after 24 h, i.e. the HRRs have not reached zero. For this to happen, it could take several days or even longer. As an example, the tests performed on complete and crushed pellets, see Figure 13, were actually performed for 72 h, see Figure 14.   



50   Figure 14 Specific HRR in mW/g for complete and crushed pellets at 60 °C, measured for 72 h (same data as in Figure 13 but with an extended x-axis).  Most of the reactivity has ceased after 24 h, and if the only result of interest is the specific HRRmax, this test duration is sufficient. Experiments were also performed in which pellets that have already been tested were tested again with fresh air in the ampoule, see Figure 15. These tests show that all pellet samples loose most of their reactivity after the first 24 h test. This is especially visible for the more reactive pellet batches (5.2 and 10.2). Even though the samples get new oxygen inside the ampoule before the re-test, the specific HRR is considerably lower.  



51   Figure 15 Comparison of specific HRR in mW/g for different batches, if re-tested again inside fresh ampoules.  Running the tests for several days does not necessarily give better information about the pellet reactivity or self-heating potential, therefore a test duration of 24 h is considered reasonable for the screening test method. 
4.3.2 Screening tests The developed screening test procedure was used on a large number of pellet batches to examine factors that could affect the self-heating potential (Paper II).  The results from the screening tests clearly indicate that there is a significant difference in reactivity and thus self-heating potential between different types of pellets. High reactivity pellet batches reached HRRmax of 0.61-1.06 mW/g, see Figure 16. The low reactivity or non-reactive pellet batches showed HRRmax rates of 0.05-0.18 mW/g, see Figure 17.   



52   Figure 16 Specific HRR for the top 13 batches (HRRmax ≥ 0.23 mW/g). The batches are plotted/listed from highest to lowest HRR. Batch 12 shows somewhat different behaviour compared to the other batches. The reason for this is unknown.  Figure 17 Close up graph for batches with low HRR (HRRmax  < 0.2 mW/g). The batches are plotted/listed from highest to lowest HRR.  



53  The batches were primarily ranked based on the specific HRRmax; an alternative ranking based on specific total heat release (THR) during the 24 h test period was also investigated and compared. The different rankings show the same trends, see Table 3. The colours in Table 3 symbolize a suggested classification of the reactivity of the pellets, based on the basis of the ranking. The dark grey background symbolizes reactive pellets with high self‐heating potential, light grey background symbolizes pellets with moderate self‐heating potential, and white/no‐colour background symbolizes pellets with low self-heating potential. This classification is not according to any regulation or standard but should be seen as a guideline or recommendation.     



54  Table 3 Specific HRR and THR details on pellet batches. Ranking no Batch no HRRmax1 (mW/g) cv2 (%) Time to HRRmax3 (h) THR24 h4 (J/g) 1 10.2 1.06 2.9 0.58 18.71 2 9 0.91 3.7 0.59 15.04 3 6 0.77 8.1 0.54 13.51 4 12 0.69 1.2 0.62 17.53 5 5.2 0.61 4.3 0.74 15.56 6 30 0.46 13.9 0.92 13.91 7 33 0.42 4.8 0.82 12.13 8 27 0.38 7.1 0.96 10.51 9 25 0.37 5.8 0.78 8.88 10 10 0.35 11.6 0.81 9.19 11 18 0.31 5.8 0.80 8.16 12 5 0.29 12.8 1.09 10.15 13 23 0.23 4.4 1.17 12.35 14 20 0.18 4.7 0.78 6.73 15 16 0.16 9.6 0.80 6.10 16 29 0.16 16.5 0.89 5.58 17 28 0.16 1.0 1.24 5.72 18 13 0.16 7.2 1.09 6.87 19 19 0.15 10.3 0.77 5.21 20 15 0.14 3.6 0.96 4.89 21 7 0.14 2.1 0.75 4.26 22 8 0.14 41.1 1.33 5.34 23 1 0.11 0.3 0.68 3.58 24 26 0.11 1.1 1.00 3.81 25 32 0.10 14.8 0.86 3.44 26 24 0.09 4.7 1.19 4.04 27 17 0.09 24.8 1.32 3.77 28 2 0.09 2.1 0.90 3.66 29 21 0.06 16.4 1.13 2.18 30 11 0.05 33.4 1.31 2.59 31 22 0.05 29.4 1.01 1.70 1) Specific HRRmax during the 24 h long test. 2) Coefficient of variation (cv) for the specific HRRmax. Defined as the ratio of the standard deviation σ to the mean µ; 56 =	σ/µ 3) Time to reach HRRmax, from start of the test. The test time starts 10 min after inserting the ampoules into the instrument though; to avoid temperature disturbance.  4) Specific THR during the 24 h long test duration which is calculated by integrating the HRR results from 0-24 h.  



55  If comparing the pellet composition for the different batches (see Table 1) with the data in Figure 16, Figure 17 and Table 3 the test results indicate that pine/spruce mix pellets are significantly more reactive than all the other types of pellets tested in the project. The test results also indicate that pellets consisting of 100 % pine are more reactive than pellets consisting of 100 % spruce. Pellets made from raw materials such as wine pruning/grape pomace (winery waste), straw and eucalyptus pellets were not found to be very reactive compared to pine/spruce pellets.   The results indicate that the reactivity of the pellets could be reduced by introducing anti-oxidants into the pellets, see Figure 18. Three pellet batches (24, 25 and 27) contained different types of anti-oxidants. One anti-oxidant tested was effective in decreasing the HRRmax but more testing is needed to find other efficient anti-oxidants.    Figure 18 Comparison of specific HRR in mW/g between pellet batches treated with different types of anti-oxidants and a reference pellet.  Extracting lipids, the one component of the pellet responsible for producing heat, also seems to be an effective way of reducing the reactivity of a pellet batch, see Figure 19.  



56   Figure 19 Comparison in specific HRR (mW/g) between a lipid free pellet (batch 32) and a reference pellet (batch 33).    



57  5 Discussion 

5.1 Validity of screening test procedure  Testing such small volumes in the isothermal calorimeter introduces questions regarding the accuracy of the data. Can these data tell anything about the reactivity of a pellet batch in larger scale? The pellet batches 5.2, 10.2 and 17 have also been tested in basket heating tests (crossing point) and in medium scale (1 m3) [59], and the test results were similar. The same ranking of pellet reactivity is also seen when tested in even larger scale. The most reactive batch (10.2) has also been evaluated in a full scale silo trial during the course of several months and the pellets showed alarming self-heating behaviour several times [60]. These results collectively support the notion that the small scale screening tests can predict larger scale pellet reactivity.  The reproducibility of the screening test procedure has been examined to some extent. Four batches of pellets; batch 1, 2, 5 and 21 have been tested with the same type of instrument and procedure by another lab, The Swedish Cement and Concrete Research Institute (CBI) in Stockholm, Sweden. The agreement of the test results was good; the average standard deviation between data from RISE (former SP) and the other lab was only 0.008 mW/g. The reproducibility of the screening test procedure is being further examined by ISO working group ISO TC 238/WG7 at the time of writing this thesis. The screening test procedure is one of the suggested test methods in the standard “ISO/CD 20049 Solid biofuels — Determination of self-heating of pelletized biofuels”. An interlaboratory test trial, usually called Round-Robin, is being conducted to determine the measurement uncertainty of the screening test procedure. 8 different laboratories, using approximately 15 different isothermal calorimeter instruments, are participating. The same pellet batches are also being tested and compared to other types of small scale methods, such as the basket heating test according to EN 15188. The results from the Round Robin are expected to be finalised at the end of 2017.   One potential problem when using the screening test procedure is selecting a representative sample since the test sample is only a few grams. However, the same problem exists for most small scale test 



58  methods. Sampling and sampling preparation should be performed according to EN 14778 and EN 14780 or similar, e.g. the corresponding ISO standards when they are finished and published (currently ISO/DIS 18135 and ISO/DIS 14780). However, some additional considerations must be made regarding how the samples are stored during transport and before testing. The test samples should be transported in closed airtight sample containers to limit the amount of available oxygen in order to limit oxidation reactions within the sample. The container should be completely filled with sample to limit the amount of air in the container (i.e. the amount of oxygen) and further reduce deteriorations of the sample from physical wear (i.e. reduce the amount of fine fraction). The time between sampling and analysis should be minimized and elevated temperatures avoided. It has been observed that a sample can be stored for several months or even years without any significant changes in reactivity if put in a freezer directly after being received at the analysis lab. One pellet batch was re-tested after approximately one year and two and a half years in a freezer and still showed the same reactivity, see Figure 20.    Figure 20 Comparison of isothermal calorimeter test results for batch 10.2 samples. The samples have been tested after being stored at various lengths of time in a freezer. The results show similar reactivity regardless of the storage time.   00.20.40.60.811.2 0 5 10 15 20 25HRR (mW/g) Time (h)60 °C 10.2 - 26/06/201410.2 - 26/06/201410.2 - 21/05/201510.2 - 21/05/201510.2 - 01/11/201610.2 - 01/11/2016



59  5.2 Discussion on test results from screening tests Even though not previously discussed in this thesis, self-heating and off-gassing are seemingly associated [2]. This was also demonstrated in a study by Attard et al. published in 2016 [61]. By using a method called supercritical carbon dioxide extraction (scCO2), 84 % of the lipids and resin acids were removed from sawdust before pelletisation. Emissions of auto-oxidation products were reduced considerably for pellets made of extracted material compared to an untreated reference pellet. Levels of CO, CO2 and CH4 were reduced by 85 %, 85 % and 94 % respectively. The oxygen level was only reduced from 20 % to 19.3 % for the extracted pellet compared to a reduction from 20 % to 12 % for the untreated reference pellet. These experiments performed by Attard et al. were also performed within the SafePellets project and the pellets used were batch 32 (100 % pine, lipid free) and batch 33 (100 % pine, reference). The results showed that the specific HRRmax was reduced from 0.42 mW/g to 0.10 mW/g for the extracted (lipid-free) pellet, see Figure 19. This further confirms that self-heating and off-gassing are associated and caused by auto-oxidation of unsaturated fatty acids or resin acids.  Previous research has shown that pine generally has the highest content of lipids [2], and one would therefore expect the pine pellets to have the highest reactivity. However, from the comparison of HRRmax with pellet composition it is clear that pine/spruce mix pellets are significantly more reactive than all the other types of pellets tested within this project. It is not known why the pine/spruce pellets are most reactive. There could be other factors, apart from the choice in raw material, responsible for the reactivity of a pellet batch. When comparing the specific HRRmax for pine/spruce pellets manufactured by companies in Sweden, Germany and Denmark the results indicate that pellets produced in Sweden are more reactive compared to pellets produced in the other countries. Whether this is a coincidence or depends on other factors such as the origin of the pellet raw material, production parameters, pre-treatment etc. is unknown. Pellets manufactured in a lab were also less reactive compared to pellets manufactured in industrial scale, even though the raw material was the same. It is therefore likely that production parameters also influence the self-heating potential. 



60  5.3 Discussion on kinetics Small-scale laboratory test methods, such as basket heating tests, are usually conducted at highly elevated temperatures to assess self-heating behaviour in different materials. With such test methods it is not possible to detect/measure self-heating at lower temperatures, where self-heating in large scale storage facilities starts to become a problem (typically 50-80 °C). The reason for conducting basket heating tests at high temperatures is to reduce the required volume of the test sample. The test results given from the basket heating tests are often used to calculate kinetics, such as the heat of reaction and the activation energy (see Section 3.3.1). Kinetics can also be obtained from isothermal calorimetry tests, which can be performed at much lower temperatures than basket heating tests. These parameters could then be used to predict self-heating in large scale storages.  Even though data for kinetics are not included in this thesis, the kinetics for a given pellet batch depends on whether it was obtained from basket heating tests or isothermal calorimetry [36]. Some of the difference in kinetics could probably be explained by the use of different test methods. Another reason for this is most probably that since the tests are performed at different temperature ranges, the heat producing reactions are different, i.e. the reactions occurring at  40-80 °C are different from those at 140-200 °C. So which kinetics should you use to predict critical self-heating temperatures or time to ignition in real scale storages? The answer is probably a combination; using low-temperature kinetics for low temperature and high-temperature kinetics for high temperature calculations/modelling. Moisture transport within the sample is also something that should be considered. No such models are widely used today, if they even exist. It seems more reasonable to use kinetics generated from temperatures where self-heating starts to become a problem. However, high temperature basket heating tests have been used successfully for many years, especially for coal. Wood pellets do not necessarily have the same reactions as coal though. More research is therefore needed to better understand the kinetics, how they change with temperature, what the reactions are, etc.    



61  6 Conclusions A screening test procedure has been developed for isothermal calorimetry that can be used to test the reactivity/self-heating potential and to rank different type of biomass pellets. Many tests have been performed, varying different parameters, to evaluate the performance of the instrument and to find an adequate test procedure. Based on these tests, a screening test procedure is presented with the set parameters specified in Table 4:  Table 4 Parameters for screening tests and comparisons of reactivity of biomass pellets. 
Parameter Value Temperature 60 °C Sample size 4 g* Pre-heating time at test temperature 15 min Sample type Whole pellets Test duration 24 h * When using 20 ml ampoules. Use 0.2 g sample mass per ml ampoule if using a larger ampoule.  The screening test procedure has been used with 31 different biomass pellet batches and the results clearly indicate that there is a significant difference in reactivity and thus self-heating potential between different types of pellets. The test results indicate that pine/spruce mix pellets are significantly more reactive than all other types of pellets tested and that pellets consisting of 100 % pine are more reactive than pellets consisting of 100 % spruce. Pellets produced from wine pruning/grape pomace (winery wastes), straw or eucalyptus are not very reactive compared to pellets consisting of pine/spruce.  The results also indicate that the reactivity of the pellets can be reduced by either introducing certain kinds of anti-oxidants into the pellets or by extracting lipids from the raw material of pellets.    



62  7 Further Research Even though the knowledge and understanding of the self-heating process for biofuel pellets and the factors that influence and control it have increased considerably, there is still much to learn. Some examples are:  
• Influence of production parameters. As explained in section 5.2, results indicate that pellets produced in Sweden are more reactive compared to pellets produced in the other countries. It is therefore likely that production parameters also influence the self-heating potential. More research focusing on these parameters is needed for better understanding of what factors influence self-heating of pellets. 
• Influence of anti-oxidants. In the SafePellets project 3 different anti-oxidants were tested and compared to a reference pellet. Only one of these anti-oxidants showed promising results in lowering the HRRmax and the THR. More testing is needed to find other efficient anti-oxidants. 
• Understanding the kinetics. As discussed in section 5.3, kinetics such as the heat of reaction and the activation energy can be obtained from both high temperature basket heating tests and low temperature isothermal calorimetry tests. These results usually differ. So which kinetics are the most accurate and should be used to predict critical self-heating temperatures or time to ignition in real scale storage facilities? More research is needed to better understand the kinetics, how they change with temperature, what the reactions are, etc.     
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