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Abstract 
 
Small-scale methods for assessment of risk for self-
heating of biomass pellets 
 
One major concern when it comes to storage of wood pellets is the risk for self-heating. 
The propensity for self-heating varies between different types of pellets. It also depends 
on how the pellets have been handled and on the storage conditions, e.g. the temperature 
and humidity.  
 
Within the framework of the research project “Large scale Utilization of Biopellets for 
Energy Applications –LUBA” different laboratory-scale methods have been used to study 
different thermal properties and the propensity for self-heating for different types of 
pellets. The different methods used include micro calorimetry also called isothermal 
calorimetry, basket-heating tests and transient plane source (TPS). In total 21 different 
pellets samples were tested in the micro calorimeter, three in the basket-heating test and 
three in the TPS.  
 
The samples showed significant differences in propensity for self-heating. Differences 
could be seen both between different types of pellets and depending on the age of the 
pellets. Comparing the reactivity rates from the basket-heating tests and those from the 
isothermal calorimetry tests with the same type of pellets, both methods gave the same 
ranking of reactivity. It was shown that the TPS-method is applicable for the 
determination of thermal properties both for measurements on single pellets and for 
measurement on bulk pellet material. 
 
Key words:  Wood pellets, self-heating, small-scale experiments, methodology 
development, micro calorimetry, crossing point, TPS 
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Summary 
 
Organic material can self-heat, but to varying extent. This can pose a problem when 
storing e.g. biomass. One such example is wood pellets, where one often can see the 
results from self-heating as increased temperature very soon after production during the 
early stages of storage. Different types of pellets have different propensity for self-heating 
and there are several parameters and conditions within the storage itself that can affect 
these processes. 
 
Within the framework of the research project ”Large Scale Utilization of Biopellets for 
Energy Applications - LUBA”, the phenomenon and processes associated with the self-
heating of wood pellets during storage were studied. As part of the LUBA project, 
experiments monitoring the propensity for self-heating have been carried out in different 
scales. This report contains a summary of various lab-scale methods which were used to 
characterize wood pellets: isothermal calorimetry and basket-heating tests. Thermal 
parameters were studied using TPS  (Transient plane source). Calculations of reaction 
rates have also been performed from some of the data. 
 
The main apparatus used for the study of self-heating within this project was an 
isothermal calorimeter (also called the micro calorimeter). The isothermal calorimeter is 
used to measure the heat of reaction very accurately (mW-scale) and using that 
information, the self-heating caused by oxidation processes in the pellets can be 
identified. An eight channel TAM Air 3116-2 isothermal calorimeter was used for the 
experiments. The instrument has a temperature range between 5 °C and 90 °C. For each 
channel a test ampoule of 20 mL was used.  
 
To develop the methodology of using the isothermal calorimetry for the assessment of the 
self-heating properties, a series of preparatory tests were performed. During this test 
series different parameters were varied: temperature, size of the test objects (powder or 
pellets) and the degree of filling of the test ampoule. Tests were conducted at three 
temperature levels, 40 °C, 60 °C and 80 °C, to study the influence of temperature on the 
oxidation process. 
 
In the LUBA project, a large number of different types of pellets were possible candidates 
for use in the different test series. Since only a limited number of types of pellets could be 
used for the more detailed analysis or larger scales, a small number needed to be selected. 
Therefore, a series of screening tests were performed. In the screening tests, only one 
temperature level and one sample size were used. Based on the results of the development 
tests, the test temperature of 60 °C and sample size of 4 g were selected. Based on the 
results from the screening tests, samples of pellets were selected to be used in the 
verification tests in 1 m3 scale. 
 
In total, 21 different pellets samples (taken from 13 different pellets batches) were tested 
in the isothermal calorimeter. These samples differed in terms of type of pellets, physical 
form (whole pellets or pellets crushed into powder) and age (fresh pellets or pellets stored 
for several months). The samples showed significant differences in propensity for self-
heating, both in terms of differences between different types of pellets and age, i.e. fresh 
pellets were found to be more active than stored pellets. An increase in test temperature 
from 40 ºC to 80 ºC, significantly increased the reactivity and release of heat. In each test 
performed in the isothermal calorimeter, two samples from the same type of pellet were 
tested at the same time and the results showed very good repeatability. 
 
An alternative method for the determination of the kinetic parameters in self-heating 
substances is the basket-heating method, commonly referred to as the “crossing-point 
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temperature method”. This method involves the surface heating of an initially “cold” 
exothermic material being subjected to a hot environment with a constant temperature, 
and is based on analysis of the non-steady solution of the energy conservation equation. 
Initially the centre temperature is lower than the peripheral temperature but at a certain 
time and ambient temperature level, the centre temperature exceeds that of the periphery. 
The centre temperature at this point is defined as the crossing point temperature. Three 
different pellet batches were tested using the basket heating test method. 
 
Comparing the reactivity rates from the basket-heating tests and those from the 
isothermal calorimetry tests with the same type of pellets, showed that both methods gave 
the same ranking of reactivity. 
 
In addition to the laboratory self-heating tests, data on thermal properties (thermal 
conductivity, thermal diffusivity and specific heat capacity) were acquired for different 
temperatures using Transient Plane Source (TPS) equipment. Such data is needed as input 
to heat transfer calculations. It was shown that the TPS-method for determination of 
thermal properties is applicable both for measurements on single pellets and for 
measurement on pellet bulk material. The measurements on single pellets showed that the 
moisture content of the material has an influence on the thermal properties, which is 
expected. It was further demonstrated that the specific heat capacity measured on a single 
pellet can be converted to the corresponding bulk property by a simple calculation. 
Important information from measurements on pellet bulk material showed that the 
thermal properties of the bulk sample are dependent on the size fraction of the pellets. 
The thermal property data used in heat transfer calculations are normally the properties 
for the bulk material. The results from the bulk measurements on thermal properties 
reported in the project were shown to be consistent and are assessed as reliable such that 
this method can be recommended. 
 
In the report, the development of the different methods and the performance of and results 
from the micro calorimeter tests, the basket-heating tests and TPS measurements are 
described and discussed. 
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Sammanfattning 
Organiska material kan självuppvärma, men i olika stor omfattning. Detta innebär ett 
problem när man ska lagra biomassa. Ett exempel på detta är träpellets, där man kan se 
resultatet av självuppvärmning i form av förhöjd temperatur väldigt snart efter påbörjad 
lagring efter produktion. Olika typer av pellets självuppvärmer emellertid olika mycket 
och det finns omgivningsfaktorer som påverkar processerna. 
 
Det danska forskningsprojektet ”Large Scale Utilization of Biopellets for Energy 
Applications” initierades för att bl.a. studera hur självuppvärmningstendensen varierar 
mellan olika pelletstyper och hur den påverkas av olika parametrar. För att studera detta 
har försök i olika skalor genomförts. Experimenten i laboratorieskala, vilket är det som 
beskrivs i denna rapport, omfattar mikrokalorimeterförsök och ugnsförsök (s.k. basket 
heating tests). Dessutom har olika termiska parametrar studerats genom att använda TPS 
(Transient plane source). 
 
Huvudmetoden, som användes för att studera självuppvärmning, var isotermisk 
kalorimetri (mikrokalorimeter). Mikrokalorimetern används för att med stor noggrannhet 
(mW-skala) mäta utvecklad värme och därmed självuppvärmningen  orsakad av 
oxidationsprocesser i pellets. För dessa experiment användes en TAM Air 3116-2 
isotermisk kalorimeter med åtta kanaler. Instrumentet kan mäta i temperaturintervallet 
från 5 °C till 90 °C. För varje kanal används provampull med volymen 20 mL. 
 
För att utveckla metoden när det gäller användningen av mikrokalorimetern för att 
studera benägenheten för självuppvärmning genomfördes en serie med förförsök. Under 
denna försöksserie varierades olika parametrar: temperatur, försökobjektens storlek (hela 
pellets eller till pulver krossade pellets) samt fyllnadsgraden av ampullerna. Försök 
genomfördes vi tre olika temperaturer: 40 °C, 60 °C och 80 °C.  
 
Inom LUBA-projektet fanns det ett stort antal pelletskandidater att testa i olika 
försöksserier. Eftersom endast ett begränsat antal pelletstyper kunde provas i några av 
försöksserierna behövde ett mindre antal pelletssorter väljas ut för dessa mer detaljerade 
studier. Därför genomfördes en screeningsserie där det i mikrokalorimetern användes en 
temperatur (60 °C) och en fyllnadsgrad (4 g vilket motsvarar halvfull ampull). Dessa val 
gjordes utgående från förförsöken. Baserat på screeningförsöken valdes ett mindre antal 
typer av pellets ut för att användas i t.ex. verifieringsförsök i 1 m3-skala. 
 
Totalt genomfördes mikrokalorimeterförsök på 21 olika pelletsprov (tagna från 13 olika 
större provuttag av pellets). Dessa prov varierade i pelletstyp, fysikalisk form (hel eller 
krossad pellets) och ålder (färsk eller lagrad pellets). De olika pelletsproverna visade upp 
stora skillnader i benägenhet för självuppvärmning. Det var skillnader mellan olika typer 
av pellets och de färska var mer reaktiva än de lagrade. Inom varje pelletssort varierade 
dessutom reaktiviteten med temperaturen och det var en signifikant skillnad när 
temperaturen ökades från 40 °C till 80 °C. I varje mikrokalorimeterkörning användes 
dubbelprov för de ingående pelletstyperna och resultaten från dessa visade på hög 
repeterbarhet. 
 
En alternativ metod för att bestämma kinetiska parametrar för självuppvärmande material 
är en korguppvämningsmetod, vanligtvis kallad ”crossing-point temperature method”. 
Denna metod innebär att man lägger materialet i en korg, som placeras i en ugn där sedan 
materialet värms upp utifrån av den varma omgivningen vid en konstant temperatur. 
Initialt är därför centrumtemperaturen lägre än randtemperaturen, men vid en viss 
tidpunkt och omgivningstemperatur kommer centrumtemperaturen att överstiga övriga 
temperaturer mellan centrum och randen. Centrumtemperaturen vid den tidpunkt när detta 
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inträffar kallas crossing-point-temperaturen. Tre olika pelletstyper testades med denna 
metod i projektet. 
 
Beräkningar av reaktionshastigheter baserat dels på isotermisk kalorimetri, dels på 
crossing-point-försöken, visar att båda metoderna ger samma inbördes ranking av de 
testade pelletstyperna. 
 
Utöver ovan nämnda självuppvärmningsförsök med olika metoder, genomfördes 
mätningar av termiska egenskaper (termisk konduktivitet, termisk diffusivitet och 
specifik värmekapacitet) hos olika pellets vid olika temperaturer med TPS-utrustning 
(Transient Plain Source). Denna information behövs för värmetransportberäkningar och 
även för att kunna utvärdera crossing-point mätningarna på ett bra sätt. Försöken visade 
att TPS-metoden kan användas både på enstaka pelletar och på pellets i bulkform för att 
bestämma termiska egenskaper.  Mätningar på enstaka pelletar visade att fukthalten 
påverkar de termiska egenskaperna, vilket var förväntat. Vidare visades att den specifika 
värmekapaciteten mätt på en pellet kan användas för att med en enkel beräkning 
bestämma motsvarande bulkegenskap. Bulkförsöken visade att resultaten beror av 
storleksfördelningen hos materialet. Det är vanligtvis de termiska egenskaperna i 
bulkform som är efterfrågade och som används i värmetransportberäkningar. Resultaten 
från bulkmätningarna i projektet visade sig vara konsekventa och bedömdes vara 
trovärdiga och denna metod rekommenderas därför. 
 
I rapporten presenteras dels utvecklingen av de olika metoder som används i projektet, 
dels resultat från försöksserierna i laboratorieskala och olika genomförda analyser i 
samband med detta. 
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1 Introduction 
 
Denmark consumes annually more than 1.3 million tons of biomass pellets for energy 
production of which approximately 500000 tons are used in power plants. This amount 
will dramatically increase in the coming years according to the plans of the large power 
producers. Such rapid expansion will require increased import of biofuels with an 
unknown variety of quality also necessitating new (very large) storage facilities. 
 
The LUBA project aims to develop necessary solutions for three closely connected areas, 
which will support and strengthen the projected increased consumption of biofuel pellets: 
 

1. The basis for an increased import of sustainably produced biomass for energy 
applications will be analysed and described. 

2. New sampling techniques for suspended biofuels, focusing on pellet powder will 
be developed and integrated in a more general “horizontal standard” in the form 
of a pre-standard guideline for representative sampling of suspended biopowder 
and similar materials. 

3. Through experimental work, important factors that influence self-heating, oxygen 
depletion and off-gassing during pellets storage will be revealed and quantified. 
The work shall provide recommendations for estimating risks as well as present 
technical solutions to prevent self-heating and minimizing hazardous off-gassing. 

 
SP was mainly involved in Work Package 3 in the LUBA project, and especially in Task 
3.3 which focused on “Measurements characterizing the self-heating of wood pellets”.  
In this work package the causes for the phenomenon self-heating of wood pellets during 
storage have been examined. Experiments monitoring the propensity for self-heating were 
carried out in different scales. Various lab-scale methods were used to characterize wood 
pellets with different properties, such as micro calorimeter, basket-heating test (Crossing-
point method) and then verified in medium scale (1 m3). Data on thermal properties 
(thermal conductivity, thermal diffusivity and specific heat capacity) were acquired for 
different temperatures by using Transient Plane Source (TPS) equipment.  
 
This report covers the characterization of various wood pellets using small-scale methods 
and includes tests focused on development of the micro calorimeter test methodology 
followed by screening tests of various types of wood pellets. Furthermore, results from 
tests using crossing-point method and TPS are also presented and discussed. The 1 m3-
scale tests are reported separately [1]. 
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2 Fuel 
 
2.1 Description of pellets used 
 
A total of 13 different pellets batches were sampled and distributed to the partners 
performing the experiments for the testing of self-heating and off-gassing in the LUBA 
project. 
 
Table 2.1 gives an overview of the pellets used in the tests. The designation (A-M) has 
been used by all partners in the LUBA project to ensure the same identification 
throughout the project. The information summarised in Table 2.1 has been collected by 
DTI from those delivering the various pellets material. 
 
Table 2.1 Description of the different types of pellets used. 
Wood  
pellet 

Pellet origin Type of pellet Size 
(mm) 

Comments 

A Swedish fresh pellets Pine 8 85-90 % Pine 
B Scottish pellets from 3 

months storage in 
Denmark 

Pine 8 - 

C Swedish fresh pellets  Spruce/pine/ 
energy wood 

8 See comment 1) 

D Pellets from torrefied 
material + tar additve 

Spruce (T) 6 
 

Very short pellets (<1D), 
high amount of fine 
fraction 

E Russian pellets form 
harbour Denmark 

Spruce/pine 8  

F Portugies pellets from 
harbour in Denmark 

Pine 8 High amount of fine 
fraction 

G Swedish fresh pellets Spruce/pine/ 
energy wood 

8 See comment 1) 
G.1 and G.2 from the 
same sampling 

H Scottish fresh pellets 
from factory (10 days) 

Pine 8 - 

I Scottish pellets from 
harbour in Denmark  

Pine 8 - 

J Scottish fresh pellets  Pine 8 Moisture content: 9.2 % 
K Swedish fresh pellets Spruce/pine/ 

energy wood 
8 See comment 1) 

L Swedish fresh pellets Spruce/pine/ 
energy wood 

8 See comment 1); 
Moisture content: 6.5 % 

M Scottish pellets stored 
(3 months) in 16 kg 
plastic bags 

Pine 8 Moisture content: 7.8 % 

Comment 1). As an average over the year, the raw material for the pellet production has a composition of 80-
85 % spruce, max 5 % pine (although it can be higher in specific batches) and about 15 % of “energy wood”. 
The latter can be a mixture of different types of fresh leaf trees and dry wood from all sorts of trees. The raw 
material from spruce and pine is delivered to the pellet factory in the form of saw dust while the raw material 
from the energy wood is in the form of wood chips. All raw material is stored outdoors in large piles. Note 
that part of the sawdust is stored in these piles for several months to obtain an “ageing” effect. During normal 
production, the relative composition of the sawdust is about 70 % fresh and 30 % “aged” sawdust. 
 
 
2.2 Sampling procedures 
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SP has been responsible for providing the samples from Bioenergi in Luleå and from 
AGRO Energi in Ulricehamn.  
 
Below is a description of the sampling procedures for these samples. 
 
2.2.1 Sample A - Bioenergy Luleå 
 
The sampling in Luleå was made by personnel from Bioenergy in Luleå. The sampling 
was made “on-line” directly after the cooling unit on May 22, 2010. The samples were 
packed in two plastic bags, each containing approximately 5-6 kg. The bags were 
delivered by courier to DTI in Denmark. The pellets were divided at DTI and 0,5 kg was 
sent to SP. 
 
2.2.2 Sample C, G, K and L - AGRO Energi in Ulricehamn 
 
The sampling in Ulricehamn (except for sample L) was made from a transport screw 
directly under the pellets cooler. The production capacity is about 12 ton/hour 
corresponding to about 3.5 kg/s. The transport screw has a 100 mm opening with a valve 
which is normally used for sampling for production quality control. During sampling, the 
valve is opened and part of the pellets in the screw flow through a steel tube down to a 
sampling bucket at ground level (see Figure 2.1). At this moment the sample also 
contains some smaller particles and dust. In order to remove this fraction, the sample was 
then poured over an inclined sieve with a mesh size of 5 mm × 15 mm. The sample was 
then split in two parts using a splitter before being filled into a bag or bucket to be used 
for subsequent testing. 
 
This sampling procedure is also used by AGRO on a daily basis to determine the amount 
of “fine fraction”. In this case, the collected material below the inclined sieve is put onto 
a shake sieving device with a mesh size of 3,15 mm. According to the pellet standard, the 
“fine fraction” is defined as particles passing this 3.15 mm sieve. 
 
As the specific procedure during our has been slightly different on the various sampling 
occasions, these are summarized below for each specific sample. 
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Figure 2.1 Photos from AGRO Energi showing the sampling point on the transport 

screw below the pellets cooler,  the inclined sieve and the splitter used 
during sampling. 

 
 
2.2.2.1 Sample C  
A sample of about 12 kg was collected by personnel at AGRO Energi on May 26, 2010. 
After collection in buckets, the pellets were poured over the inclined sieved and the 
sample was then divided into two parts using a splitter device. Each sample was filled 
into plastic bags which were sealed. The two samples were delivered to SP on May 27, 
where one bag was packed and sent to DTI by courier and the other sample placed in a 
freezer at -20C. On May 31, the sample was taken out of the freezer and subdivided using 
a splitter device (see Figure 2.2). The sample was subdivided several times and in several 
steps until each sample was 1/64 of the original sample. These samples were filled into 32 
sealable plastic bags, designated “Agro 1:64-1” to “Agro 1:64-32” each containing about 
80-120 g. The other 50 % of the original sample was kept at SP and stored at room 
temperature. 
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Figure 2.2 Splitter used at SP to subdivide samples collected at AGRO Energi and 

obtained from Bioenergi and Verdo via DTI. 
 
2.2.2.2 Sample G 
Sampling was conducted by personnel from SP on Sept 10, 2010. In order to obtain a 
sample which was as representative as possible, in total 20 buckets were sampled from 
the transport screw under the pellets cooler. Each bucket was spread out evenly on the 
floor as an approximately 4 m long line of pellets along a wall. The total sampling time 
was approximately 25 minutes and the total sampled volume approximately 300 litres. 
Three buckets of about 15 litres were then taken from the pellets on the floor, each bucket 
containing samples from three different positions along the line of pellets using a narrow 
rectangular scoop in order to collect all pellets along the cross section of the pellet line 
each time (see Figure 2.3). Each bucket was then poured over the inclined sieve before 
the pellets were divided by the splitter into two buckets. About ¾ of the pellets in one of 
these two buckets was then filled into the final plastic bucket equipped with an air tight 
lid. In total, three plastic buckets were sampled, each containing about 7 kg (net) of 
pellets. These buckets were marked LUBA Agro I-III. Sampling buckets I and II (finally 
designated G.1 and G.2) were sent to DTI while bucket III (G.3) was kept at SP and 
stored at room temperature.  
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Figure 2.3 Collecting sample G from the pellets line along the wall. 
 
2.2.2.3 Sample K  
Sampling was conducted by personnel from SP on March 24, 2011 by collecting two 
buckets of pellets from the transport screw under the cooler. The pellets were poured over 
the inclined sieve and the sample was then divided into two parts using a splitter device 
and about ½  of each split sample was then poured into each of two plastic buckets 
equipped with air tight lids. The pellets were used for tests at SP. 
 
2.2.2.4 Sample L  
Sampling was conducted by personnel from SP on April 28, 2011. As this sampling was 
for the m3 scale tests, the required quantity of pellets was much larger (about 2.5 m3) and 
another sampling procedure was used. As the large A-frame pellets storage building was 
empty, a part of the floor was cleaned and the freshly produced pellets were directed to 
the storage building. This means that the ordinary transport system from the pellets cooler 
to the storage building was used and it also means that the pellets passed a sieving device 
having a mesh size of 5 mm × 10 mm, i.e. similar to the inclined sieve used in the manual 
sampling procedure. The pellets entered the storage building on a conveyer belt close to 
the ceiling and fell freely down to the concrete floor. During the sampling, a pile of about 
4-5 m3 was allowed to build up on the floor and the pellets were manually shovelled into 
twelve 200 L plastic drums equipped with air tight lids (see Figure 2.4). As the first part 
of the pile close to the concrete floor was expected to contain an increased portion of fine 
fraction, the pellets close to the floor (0.1-0.15 m) were not collected. In addition to the 
200 L drums, three plastic buckets and two 1000 ml plastic bottles, all with air tight lids, 
were filled with pellets from the pile using the same procedure. Although the pellets close 
to the floor was avoided, the amount of fine fraction, in particular in the centre of the pile, 
was probably higher than obtained in the previous samples (C, G and K). One plastic 
bucket was sent to DTI, the remaining pellets were used at SP. 
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Figure 2.4 Collecting sample L from the pellets pile into twelve 200 litre drums. 
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3 Isothermal calorimetry 
 
To select the pellets to be used for more detailed studies within the LUBA project [2], 
small-scale methods, e.g. isothermal calorimetry, were used to study a large number of 
types of pellets in a series of screening test. From these results, pellets were selected for  
three extended test series. These extended tests series included isothermal calorimetry, 
basket-heating tests (see Chapter 4), tests in 1 m3 scale at SP [1], and off-gassing tests at 
DTI [2]. The small-scale tests included in the extended test series in LUBA are referred to 
as the Main test series in this report. 
 
One of the small-scale methods method used in the project is often called micro 
calorimetry, but the more general and descriptive term is isothermal calorimetry. The 
isothermal calorimeter is used to measure the heat of reaction very accurately (mW-scale) 
and using this information to infer the self-heating caused by oxidation processes in the 
pellets. In this chapter, the experimental set-up for the micro calorimeter tests is described 
together with a description of the development of the test methodology used later in the 
screening and main test series.  
 
3.1 Experimental set-up 
 
For the experiment, an Eight channel TAM Air 3116-2 isothermal calorimeter was used 
(see Figure 3.1). The instrument has a temperature range between 5 °C and 90 °C. For 
each channel a test ampoule of 20 mL was used. The sample was put in the ampoule, 
which was sealed (see examples in Figure 3.2). The ampoule is in contact with a heat 
flow sensor, which is also in contact with a heat sink (see Figure 3.3). This means that 
when heat is produced inside the ampoule, a temperature gradient is developed across the 
sensor. The voltage, thus generated, is then measured. The voltage signal is proportional 
to the heat flow across the sensor and thereby to the rate of the process taking place in the 
sample ampoule [3]. This gives time resolved results. 
 

 
Figure 3.1 The eight channel TAM Air 3116-2 isothermal calorimeter. 
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For each sample there is a reference that is in contact with a parallel heat flow sensor. 
This 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 
thereby filtered out. This results in very accurate measurements of the heat that is 
produced or consumed by the sample. 
 

 
Figure 3.2 Examples of pellets samples in glass ampoules. 
 
 

 
Figure 3.3 Schematics of the central parts of an isothermal calorimeter. 
 
 
3.2 Methodology and experimental procedure 
 
3.2.1 Initial heat disturbance 
 
Despite the setup with a reference ampoule for each channel, the measurement system is 
sensitive to the initial disturbance occurring when placing the ampoules into the 
calorimeter. The samples constitute masses corresponding to a heat capacity. All samples 
were heated before entering the calorimeter, but the initial disturbance still needs to be 
compensated for. Therefore, inert sand with the same heat capacity as the sample was 
used in some of the measurements to estimate the contribution from the inserted sample 
not related to the reactions producing heat. This was done for all three temperature levels 
used in the test series (40 °C, 60 °C and 80 °C). An example is given in Figure 3.4. In 
each case two channels were used for the sand measurement and an average of these two 
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measurements was used when subtracting the initial disturbance for comparison (see 
Table 6.7). 
 

 
Figure 3.4 Example of measurement with sand. 
 
3.2.2 Preparatory tests 
 
To develop the methodology for use of the isothermal calorimetry for the assessment of 
the risk for self-heating, a series of preparatory tests were performed. During this test 
series different parameters were varied: temperature, size of the test objects (powder or 
pellets), and the degree of filling. Furthermore, different types of pellets were used to 
assess the variation in behaviour. For the preparatory tests, three qualities of wood pellets, 
two freshly made and one “aged” have been used.  
 
Tests have been made at three temperature levels, 40 °C, 60 °C and 80 °C to study the 
influence of temperature on the oxidation process.  
 
As the amount of test material in the micro calorimeter is very small (test cell about 
20 mL) only some few pellets could be used in each test. This makes it difficult to ensure 
a representative sample and it has, therefore, been investigated whether there is any 
significant difference if the pellets are tested in the pellet form or crushed to finer 
particles. The latter method would provide the possibility to crush a larger sample of 
pellets, and take a representative sample from the powder. The small volume of the test 
cell might also give restrictions in oxygen supply for the oxidation process. Tests have, 
therefore, been conducted with different degrees of material quantity in the test cell. 
 
The pellets A, B, and C were used for the preparatory tests (see Table 2.1). Pellets C was 
also tested as powder (< 2 mm). 
 
3.2.3 Screening tests 
 
In the LUBA project, a large number of different types of pellets were possible candidates 
for use in the different test series. Since only a limited number of types of pellets can be 
used for the more detailed analysis or larger scales, a few types needed to be selected. 
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Therefore, a series of screening tests was performed. In the screening tests, only one 
temperature level and one sample size were used. Based on the results from the 
preparatory tests, the selected test temperature was 60 °C and the size of the sample was 
4 g.   
 
The screening tests were performed with six different types of pellets (type D, E, F, G, H, 
and I; see Table 2.1). Pellets F and I were also tested as powder (< 2 mm). 
 
In parallel with the test of pellets J conducted  in the beginning of December 2010 (see 
section 3.2.4), pellets A, C and G was retested to study the influence of storage. Pellets A 
and C had been stored at room temperature in sealed plastic bags since the samples were 
delivered to SP in the end of May 2010. Pellets G, which was sampled in plastic buckets 
on the 10th of September 2010, had been stored in the sampling bucket at room 
temperature, most of the time without a lid on the bucket.  
 
3.2.4 Verification test series 
 
For this test series pellets J, K, L and M were used. In this section, the tests performed 
using isothermal calorimetry are presented. 
 
The first test series was performed in the beginning of December 2010 to study pellets J. 
Dates for the other tests are presented together with the results in Table 6.7. Pellets J was 
also tested in March 2011 after having been stored at room temperature at SP. 
 
From the screening tests, both with the isothermal calorimetry and other small scale 
methods used in the LUBA project [2], pellets J, K, L and M were selected for three 
extended test series. These extended test series included isothermal calorimetry, basket-
heating tests (see chapter 4 below), tests in 1 m3 scale at SP (see ref [1]), and off-gassing 
tests at DTI (see ref [2]). 
 
The isothermal calorimetry tests included testing at 40, 60 and 80 ºC. 
 
3.2.5 Determination of kinetic parameters 
 
Kinetic parameters have also been calculated for pellets M and L, based on the isothermal 
calorimetry data. By measuring the maximum heat release rate at different temperatures 
(40 °C, 60 °C and 80 °C), a table of temperature vs. heat release rate can be formed. The 
data from the tests can then analysed in the same way as that from the basket-heating 
tests, see section 4.2. To conduct the analysis, 1/T is plotted on the x-axis and ln (𝑞)̇ is 
plotted on the y-axis. The results then fall into 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 represents ln(QA) [4, 5]: 
 
 𝑙n (𝑞)̇ = 𝑙𝑛(𝑄𝐴) − 𝐸

𝑅𝑇
  (3.1) 
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Where: 
�̇� heat generation term (W kg-1) 
Q heat of reaction (K/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) 
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4 Basket-heating test 
 
An alternative method for determination of self-heating in substances is the basket-
heating method described by Chen and Chong [6], commonly referred to as the “crossing-
point temperature method”. This method involves the surface heating of an initially 
“cold” exothermic material being subjected to a hot environment with a constant 
temperature, and is based on analysis of the non-steady solution of the energy 
conservation equation. Initially the centre temperature is lower than the periphery 
temperature but at a certain time the centre temperature exceeds the other temperatures 
between the centre and the periphery (see example in Figure 4.1). The centre temperature 
at this point is defined as the crossing point temperature. By deciding the crossing point at 
different ambient temperatures, kinetic parameters, like heat of reaction and activation 
energy, can be calculated. 
 

 
Figure 4.1 Temperature profile at different times during Test 1 with wood pellet J. The 

ambient temperature is 180 °C and crossing point occur after 189 min. 
 
Three different pellet batches from the verification test series, J, M and L, were tested in 
basket-heating tests. The tests were performed in December, 2010 (J) and in May, 2011 
(M and L). 
 
4.1 Experimental set-up 
 
During testing, a sample is located inside a wire mesh basket (cube), with dimensions 100 
mm × 100 mm × 100 mm (see Figure 4.2), made from 0.6 mm stainless steel mesh. The 
wire mesh basket is located inside a temperature controlled oven (inventory number 
700496) at a fixed temperature.  
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Figure 4.2 Wire mesh basket and thermocouple frame. 
 
Data was recorded using a NETDAQ (inventory number 700369). Temperatures were 
registered using a steel frame support with six thermocouples, five to record the 
temperature profile of the sample and one to measure the ambient gas temperature (see 
Figure 4.3). The first measurement point was in the centre of the basket (C5), the second 
10 mm away from the centre (C4), the third 10 mm further away (C3), the fourth 
additionally 15 mm further away (C2) and the fifth located at the edge of the sample 
material close to the wire mesh wall (C1). The thermocouple measuring ambient gas 
temperature was denoted C6. 
 

 
Figure 4.3 Thermocouple frame. 
 
The thermocouple frame was attached to the basket and the basket was filled with the 
sample material. The basket was covered by replaceable sections of 0.6 mm stainless steel 
mesh. Then the basket with sample material and thermocouple frame was suspended in 
the centre of the oven (see Figure 4.4) which had been preheated to the selected ambient 
temperature for the specific test. The test continued until the temperature in all 
measurement points inside the sample was higher than the one located at the edge of the 
sample material close to the wire mesh wall. 
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Figure 4.4 Wire mesh basket with sample material in oven. 
 
4.2 Methodology and experimental procedure 
 
4.2.1 Crossing point temperature 
 
The crossing point temperature (TCP) is defined as the temperature in the centre of the 
sample material (C5), at the time when the centre temperature becomes higher than all 
other temperatures in the sample material. 
 
4.2.2 Experimental procedure 
 

• The pellet sample was removed of any unusually long pellets. Only pellets with a 
length of ≤ 20 mm were used in the tests. 

• For each pellet type, a series of tests were performed. The ambient (oven) 
temperature was different for each test. Temperatures were recorded throughout 
the heating process until and beyond attainment of the crossing point 
temperature. 

• The crossing point temperature can be determined from the temperature 
recordings at the time when the centre temperature exceeds the other 
temperatures between the centre and the periphery, i.e. as described above. 

• The slope of the temperature-time graph at the crossing point, ln(∂T/∂t), was 
plotted against the inverted crossing point temperature, 1000/TCP, for each 
ambient temperature. 

• These points are interpolated to create linear expression which can be expressed 
according to Chen and Chong [6] as: 
 
 𝑙𝑛 �𝜕𝑇

𝜕𝑡
� = 𝑙𝑛 �𝑄𝐴

𝐶𝑃
� − 𝐸

𝑅𝑇𝐶𝑃
 (4.1) 

 
where −𝐸/𝑅 is the coefficient in the linear expression and ln(QA/CP) is the 
constant 
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Where: 
 
(∂T/∂t) slope of the temperature-time (K s-1) 
Q heat of reaction (J kg-1) 
A pre-exponential factor in Arrhenius expression (s-1) 
Cp specific heat of the bulk material (J kg-1 K-1) 
E activation energy (J mol-1) 
R universal gas constant (J mol-1 K-1) 
TCP crossing point temperature (K) 
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5 Transient plain source, TPS 
 
The heat conduction and the heat capacity of the pellet bulk material is 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. 
 
5.1 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 measurements, which were 
performed at 50 % RH, were conducted on a TPS 2500s. Different types of probes were 
used (see below), but they were all of type nickel foil double spiral which are insulated 
with a thin layer of Kapton foil.  
 
The probe is normally sandwiched between two slabs (test specimens). But here we also 
investigated the functionality of placing the sensor directly in a pellet bulk.  
 
The probe heats the sample with a constant electrical power for a selected period of time. 
The thermo resistive nature of the nickel makes it possible to simultaneously measure the 
temperature of the probe during heating. If the thermal properties of the specimen are 
isotropic, the transient temperature increase is fitted to the theoretical expression using 
the thermal conductivity, 𝜆, and diffusivity, 𝛼, as fit parameters (assuming that the double 
spiral is effectively a set of concentric rings).  
 
∆𝑇(𝜏) = 𝑃0

𝜋3/2𝑟𝜆�𝑚(𝑚+1)�
2 ∫ 𝜎2 �∑ 𝑙 ∑ 𝑘exp �−�𝑙

2+𝑘2�
4𝑚2𝜎2

�𝑚
𝑘=1 𝐼0 �

𝑙𝑘
2𝑚2𝜎2

�𝑚
𝑙=1 � 𝑑𝜎 𝜏

0 (5.1) 

 
where 𝑃0 is the applied electrical power, r is the radius of the sensor, m is the number of 
concentric rings, I0 is a modified Bessel function and 𝜏 = �𝑡/𝜃 , where 𝜃 = 𝑟2/𝛼. Note 
that 𝜎 is just an integration variable and l, k are summation parameters.  
 
From the results, the volumetric heat capacity, 𝜌𝐶𝑝 = 𝜆/𝛼, can also be calculated. During 
the heating, the temperature increase is measured 200 times equally distributed over time. 
 
In addition to the measurement of heat capacity described above, we apply an alternative 
highly reliable method also using TPS-technique. In this method a dedicated sample 
holder is 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 measurements, correcting for the sample container and 
insulation is subtracted from the result.  
 
5.2 Methodology and experimental procedure 
 
Two basic types of measurement methods were investigated. The first method was to 
measure the thermal properties of single pellets. The data from the pellet could then be 
used to calculate bulk properties. The second method was to take direct measurements 
using a bulk sample.  
 
Information on the different types of pellets measured are given in Table 5.1. 
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Table 5.1 Information on the types of pellets analysed using TPS. 
Wood 
pellet 

Provider Moisture 
content 
[wt-%, dry 
basis] 

Pellet 
density, ρpellet 
[kg/m3] 

Bulk density, 
ρbulk 
[kg/m3] 

Bulk 
porosity, Øa) 
[-] 

C Agro 
Energi 

9.0 1197 706 0.41 

L Agro 
Energi 

6.35 1186 715 0.40 

M Verdoe 8.15 1280 719 0.44 
a) Ø = 1 – (ρbulk/ρpellet) 
 
5.2.1 Measurements on single pellets 
 
The aim of the measurements on single pellets was to answer the following questions: 
 

• Can reliable measurements of thermal conductivity and thermal diffusivity be 
made using a small sensor on a single pellet? 

• Do the measured properties vary in the Z-direction (see Figure 5.1)? 
• Do measurements in the X-Y-plane give the same results as measurements in the 

Z-Y-plane? 
• How are the results affected by drying of the samples? 

The positions of the sensor in the measurements on single pellets are shown in Figure 5.1 
for (a) measurement in the vertical direction, X-Y plane, and (b) measurement in the 
horizontal direction, Z-Y plane. 
 
 

 

 

(a) (b) 
Figure 5.1 (a) Principle for measurements in the X-Y plane. TPS-sensor is placed 

between two pellets. This arrangement is denoted Vertical. (b) Principle for 
measurements in the Z-Y plane. The position of the TPS-sensor between the 
two halves is varied between the four positions according to the figure. This 
arrangement is denoted Horizontal. The four positions are denoted Position 
1-4. 
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Initial measurements were made in 2010 using pellets from AGRO Energi in Ulricehamn, 
Sweden (type C). In these measurements sensor 7577 with a radius of 2.001 mm was used 
and the applied effect was 0.02 W for a period of 10 seconds. 
 
Measurements on single pellets were further made in 2013. Once again using pellets from 
AGRO Energi (type L) with the addition of pellets from Verdoe (type M). In these 
measurements sensor 7531with a radius of 0.526 mm was used and the applied effect was 
0.008 W for a period of 3 seconds. 
 
5.2.2 Measurements on pellet bulk 
 
Direct measurements of the thermal properties of pellet bulk were made by filling the 
sample material into a 0.15 m × 0.15 m × 0.15 m metal container in which the TPS sensor 
was centrally located. The container is shown in Figure 5.2 and the location of the sensor 
is shown in Figure 5.3. 
 

 
Figure 5.2 Photo of the measurement container with the TPS sensor inserted. 
 

 
Figure 5.3 Photo of the measurement container with the lid and the pellets on-top of 

the sensor removed to show the location of the sensor. 
 
The TPS-sensor used was of the type C5599 with a diameter of 29.52 mm. An effect of 
0.15 W and a measurement time of 1280 s were used. Tests were conducted both where 
the sensor was located horizontally and vertically in the metal container to investigate the 
existence of any effect from the orientation of the sensor in the sample.  
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Measurements on pellet bulk with a large sensor were conducted in 2010 and 2013. In 
2010 measurements were made with type C pellets. Measurements were made both on the 
original pellet bulk, bulk where the size of individual pellets had been reduced, and bulk 
of fine fraction of pellets. 
 
In 2013 measurements were made on type L and M pellets. In this case the measurements 
were only conducted with the original pellet bulk.  
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6 Results 
 
6.1 Results from isothermal calorimetry 
 
6.1.1 Tests for development of methodology 
 
To test the methodology, a test series was run with three different types of pellets: A, B 
and C. The aim of these preparatory tests was to test the methodology by varying the 
temperature (Figure 6.1-Figure 6.3) and the degree of filling of the test ampoules. The 
difference in result between pellets and powder was also analysed (Figure 6.1-Figure 6.3).  
 
 

 
Figure 6.1 Heat release rate from different types of pellets at 40 °C in the isothermal 

calorimeter. 
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Figure 6.2 Heat release rate from different types of pellets at 60 °C in the isothermal 

calorimeter. 
 
 
 

 
Figure 6.3 Heat release rate from different types of pellets at 80 °C in the isothermal 

calorimeter. 
 
As can be seen from Figure 6.1-Figure 6.3, there is a significant difference in heat release 
rate between the different temperatures, where the peak gets higher and thinner, with 
increasing temperature. The total energy released also increase with the temperature. It 
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can also be seen that even if a difference can be observed between the cases with pellets 
and powder, the difference is not very large and it is observed only after the initial peak 
has occurred. 
 
The main reason for the decrease in heat release rate after the peak is the consumption of 
oxygen. To study and quantify this effect, tests were run with different amounts of 
pellets: from approximately 2 g to approximately 8 g. The latter corresponds to a test 
ampoule filled with pellets. This means that the four cases correspond to ¼, ½, ¾, and full 
ampoule with pellets. As can be seen in Figure 6.4, the degree of filling affects both the 
peak value and the curve after the peak. From the results from these tests it was decided 
to use half-filled ampoules, i.e. approximately 4 g of pellets, is the main test series. 
 
 

 
Figure 6.4 Heat release rate from one type of pellets (pellets C) at 60 °C in the 

isothermal calorimeter with different amount of fuel in the ampoule. 
 
To further compare the effect of the different temperatures, some specific values have 
been extracted. The values selected correlate with the maximum value in each case 
together with the time to reach the maximum value. Furthermore, results are also given 
for four selected times. These results are presented in Table 6.1-Table 6.3. Note that the 
shape of the curve for pellet B is different in the 40 ºC case compared to the other pellets 
types and is continuously increasing within the time period studied ( see Figure 6.1). The 
case with pellets C as a powder also behaves differently in the second half of the test. 
 
Table 6.1 Temp 40 °C (8 g sample; see Figure 6.1). Highest value of duplicate tests 

(mW/g). The heat release rates are given at maximum and at four other 
times (2.5 h, 5 h, 10 h, and 15 h, respectively). 

 Max (time) 2.5 5 10 15 
A 0.155 (1.5 h) 0.15 0.14 0.08 (0.03) 
B 0.01 (15) - 0.01 0 0.005 0.01 
C-Pellet 0.11 (1 h) 0.105 0.105 0.10 0.08 
C-Powder 0.12 (12 h) 0.105 0.11 0.12 0.10 
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Table 6.2 Temp 60 °C (8 g sample; see Figure 6.2). Highest value of duplicate tests 
(mW/g). The heat release rates are given at maximum and at four other 
times (2.5 h, 5 h, 10 h, and 15 h, respectively). 

 Max (time) 2.5 5 10 15 
A 0.94 (0.4 h) 0.20 0.07 0.03 - 
B 0.05 (1 h) 0.04 0.03 0.02 - 
C-Pellet 0.79 (0.3 h) 0.37 0.06 0.02 - 
C-Powder 0.78 (0.3 h) 0.47 0.06 0.02 - 
 
Table 6.3 Temp 80 °C (8 g sample; see Figure 6.3). Highest value of duplicate tests 

(mW/g). The heat release rates are given at maximum and at four other 
times (2.5 h, 5 h, 10 h, and 15 h, respectively). 

 Max (time) 2.5 5 10 15 
A 2.15 (0.5 h) 0.25 0.12 0.05 0.05 
B 0.20 (1 h) 0.12 0.10 0.05 0.05 
C-Pellet 2.25 (0.5 h) 0.20 0.12 0.05 0.05 
C-Powder 2.20 (0.5 h) 0.20 0.12 0.05 0.05 
 
Table 6.4 Temp 60 °C. Various amount of sample (8-6-4-2 g; see Figure 6.4). Highest 

value of duplicate tests (mW/g). The heat release rates are given at 
maximum and at four other times (2.5 h, 5 h, 10 h, and 15 h, respectively). 

 Max (time) 2.5 5 10 15 
C - 8 0.81 (0.15 h) 0.51 0.27 0.07 0.03 
C - 6 0.84 (0.15 h) 0.57 0.34 0.13 0.04 
C - 4 0.91 (0.15 h) 0.58 0.38 0.20 0.12 
C - 2 0.95 (0.15 h) 0.62 0.42 0.22 0.15 
 
 
6.1.2 Screening tests 
After the initial tests for the development of the methodology, all the selected samples 
were tested in a series of screening tests to study the propensity for self-heating. This was 
to be used both for comparisons between different types of pellets and for selecting the 
pellets to be used in the tests in other set-ups and scales. Time-resolved results are 
presented in Figure 6.5 to Figure 6.8. The results are summarized in Table 6.6, where the 
heat release rates at different times are given for the different pellets tested, including the 
main test series. 
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Figure 6.5 Heat release rate from E and G pellets at 60 °C in the isothermal 

calorimeter.  
 
 

 
Figure 6.6 Heat release rate from H and D pellets at 60 °C in the isothermal 

calorimeter. 
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Figure 6.7 Heat release rate from F pellets at 60 °C in the isothermal calorimeter. 

Results are presented both for pellets and from pellets crushed into powder. 
 

 
Figure 6.8 Heat release rate from I pellets at 60 °C in the isothermal calorimeter. 

Results are presented both for pellets and from pellets crushed into powder. 
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6.1.3 Verification test series 
Based on the results from the screening tests it was decided to select two types of pellets 
for the main test series: one from VERDO and one from AGRO Energy. In both cases, 
tests were run at two different occasions (see Table 6.7), i.e. J and M for VERDO and K 
and L for AGRO Energy, where samples L and M were taken in connection with the 1 m3 
scale self-heating tests [1].  
 
In Figure 6.9 and Figure 6.10 the time-resolved results are presented for pellets J, K, L 
and M. 
 
 

 
Figure 6.9 Heat release rate from J and K pellets at 60 °C in the isothermal 

calorimeter. 
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Figure 6.10 Heat release rate from L and M pellets at 60 °C in the isothermal 

calorimeter. 
 
6.1.4 Calculation of kinetic parameters 
 
For wood pellet M and L, tests were performed at 40 °C, 60 °C and 80 °C using 
isothermal calorimetry. A plot of ln HRRmax versus 1/T, to determine kinetic parameters 
(see formula in section 3.2.5), is shown in Figure 6.11 and Figure 6.12. 
 

 
Figure 6.11 Wood pellet M, plot of ln HRRmax against 1/T for each ambient 

temperature. 
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Figure 6.12 Wood pellet L, plot of ln HRRmax against 1/T for each ambient temperature. 
 
Based on the formula in section 3.2.5, and the data shown in Figure 6.11 and Figure 6.12, 
the kinetic parameters can be calculated, see Table 6.5: 
 
Table 6.5 Kinetic parameters, calculated with test data from isothermal calorimetry 

tests. 

Wood pellet ρ, bulk  
(kg/m3) 

Cp, bulk 
(J/kg/K) 

E (kJ/mol) Q×A 

M 719 1650 76 4.8 × 1010 
L 715 1600 52 8.6 × 107 
 
It is difficult to see the reactivity of the wood pellets by simply comparing the kinetic 
parameters E and Q×A individually. One method is to compare the heat production rate 
for each pellet type, where all kinetic parameters are included. Here it is assumed that the 
heat production rate follows an Arrhenius function: 
 
 �̇�′′′ = 𝑄𝐴𝑒−𝐸 𝑅𝑇�  (6.1) 
 
where: 
 
�̇�′′′ =  heat production rate (J kg-1 s-1) 
Q = heat of reaction (J kg-1) 
A = the pre-exponential factor in the Arrhenius expression for heat production in a body 
(s-1) 
E = activation energy (J mol-1) 
R = the universal gas constant (R=8.314 J mol-1 K-1) 
T = temperature (K) 
 
When comparing the heat production rate for pellet M and L it is clear that pellet L is 
more reactive compared to M within the measured temperature interval (40 °C -80 °C). 
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Figure 6.13 Heat production rate s for pellet M and L. Calculations are based on data 

from the isothermal tests at 40 °C - 80 °C. Pellet L is more reactive than M. 
 
6.1.5 Summary of the isothermal calorimetry results 
 
In the project, 60 ºC was considered to be the standard temperature for testing and a total 
of 21 different tests were run at this temperature with 4 g of sample in the ampoule. The 
results from these tests are summarized in Table 6.6. The comment “stored” in the table 
refers to pellets tested after having been stored at SP. This is further described in Sections 
3.2.3 and 3.2.4. The dates for the different tests are given in Table 6.7. 
 

 
Figure 6.14 Heat release rate from L pellets at 40 ºC, 60 °C and 80 ºC in the isothermal 

calorimeter. 
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Table 6.6 Temp 60 °C (4 g sample).  Highest value of duplicate tests (mW/g). The heat 
release rates are given at maximum and at four other times (2.5 h, 5 h, 10 h, 
and 15 h, respectively). 

Pellets Max (time) 2.5 h 5 h 10 h 15 h 
A 0.94 (0.43 h) 0.19 0.08 0.03 0.02 
A stored 0.20 (0.90 h) 0.17 0.13 0.09 0.07 
B 0.06 (0.96 h) 0.04 0.03 0.02 0.02 
C 0.79 (0.32 h) 0.35 0.06 0.02 0.01 
C powder 0.77 (0.38 h) 0.45 0.07 0.02 0.01 
C stored 0.14 (1.06 h) 0.12 0.09 0.06 0.05 
D 0.15 (1.20 h) 0.13 0.10 0.07 0.06 
E 0.15 (1.13 h) 0.14 0.12 0.09 0.07 
F-Pellet*) 0.07 (1.86 h) 0.07 0.05 0.04 0.03 
F-Powder 0.06 (1.71 h) 0.06 0.04 0.03 0.02 
G**) 1.02 (0.53 h) 0.51 0.30 0.14 0.08 
G stored 0.16 (0.80 h) 0.12 0.09 0.06 0.04 
H *) 0.18 (0.92 h) 0.14 0.10 0.06 0.04 
I-Pellets 0.14  (0.73 h) 0.09 0.07 0.05 0.04 
I-Powder 0.13 (0.94 h) 0.09 0.07 0.05 0.04 
J 0.18 (0.80 h) 0.11 0.08 0.05 0.03 
J stored 0.08 (1.02 h) 0.07 0.05 0.04 0.03 
K 0.58 (0.64 h) 0.47 0.42 0.20 0.03 
L 0.84 (0.67 h) 0.64 0.42 0.18 0.05 
L (AT) 0.03 (0.96 h) 0.02 0.02 0.01 0.01 
M 0.10 (1.03 h) 0.08 0.06 0.04 0.03 
*) Significant deviation between duplicate tests 
**) Similar to pellet C (not frozen) 
AT = After test, i.e. with pellets included in 1 m3 self-heating test [1]. 
 
Result from micro calorimeter runs with pellet L at different temperatures are presented 
in Figure 6.14. There are significant differences between the different temperatures. 
Again, very good repeatability between repetition tests can be seen. 
 
In Table 6.7 the maximum HRR levels reach in each test with the micro calorimeter are 
summarized. The samples are ranked from the highest heat release rate to the lowest, but 
note that the entire curve and not only the maximum value was used in this ranking. This 
can be seen by the fact that not all maximum values are listed in a monotonically 
decreasing order. The ranking numbers given in the table were based on the method 
developed within the preparatory tests and screening tests (performed in June 2010 and 
September 2010) only. Results for later tests have been added to the table, but not 
received a ranking number. The colours (red and green) in the table were included to 
show that the results can be used to divide the tested pellets into two groups with 
significantly different HRRmax. 
 
It was observed that also an inert material gave a small disturbance signal. In Table 6.7 
both the measured signal and a compensated value are given. In all other graphs and 
tables the values have not been compensated for. The difference is small. 
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Table 6.7 Maximum HRR for each sample tested at (60 °C) in the micro calorimeter. 

Ranking Pellet Mass (g) 
HRRmaxa) 

(mW/g); not 
compensatedb) 

HRRmaxa) 
(mW/g); 

compensatedb) 

Date of 
test 

1 G 4 1.00 0.99 30/9 – 
1/10 

2 A 8 0.93 0.92 3-4/6 
3 C (pellets) 4 0.90 0.89 15-16/6 
 L 4 0.83 0.82 maj 2011 
4 C (powder) 8 0.77 0.76 3-4/6 
5 C (pellets) 8 0.77 0.75 3-4/6 
 K 4 0.57 0.56 mars 2011 
 A stored 4 0.19 0.18 dec 2010 

6 E 4 0.15 0.14 30/9 – 
1/10 

7 Hc) 4 0.16 0.15 30/9 – 
1/10 

 J 4 0.17 0.16 dec 2010 
 G stored 4 0.16 0.15 dec 2010 

8 D 4 0.14 0.13 30/9 – 
1/10 

9 I (pellets) 4 0.14 0.13 29-30/9 
10 I (powder) 4 0.12 0.11 29-30/9 
 C stored 4 0.13 0.12 dec 2010 
 M 4 0.10 0.09 maj 2011 
11 F (pellets) c) 4 0.06 0.05 29-30/9 
 J stored 4 0.07 0.06 mars 2011 
12 F (powder) 4 0.06 0.05 29-30/9 
13 B 8 0.06 0.05 3-4/6 
 L (AT) 4 0.03 0.02 maj 2011 
a) The HRRmax is calculated as the average of two tests with the same conditions for 
each case. 
b) It was noted that also an inert material could give a disturbance registered as a small 
signal. The difference between the two columns is if this disturbance was compensated 
for or not. 
c) Large differences between the two tests with the same pellets type. 
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6.2 Results from basket-heating tests 
 
Three different pellet batches from the verification test series, J, M and L, were also 
tested in basket-heating tests. The tests were performed in December, 2010 (J) and in 
May, 2011 (M and L). 
 
The kinetic parameters, EA and QA, where evaluated from the basket-heating tests 
according to the crossing point method outlined by Chen and Chong [6] and the values 
are presented in Table 6.8 below. A value of the heat capacity (CP, bulk) is necessary for the 
calculation of QA. CP, bulk for pellet types M and L were determined using the TPS 
method. For pellet type J, no TPS measurements were conducted. Instead the value was 
calculated from previous TPS results on wood pellets which was corrected for differences 
in densities and bulk porosity. The calculated value for pellet type J is therefore less 
reliable compared to a measured value.  
 
Table 6.8 Data on wood pellets tested with the crossing point method. 
Wood 
pellet 

Moisture 
content (%) 

Bulk density 
(kg/m3) 

CP, bulk 
(J/kg/K) 

J 9,2 766 1455 
M 7,8 719 1650 
L 6,5 715 1600 
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6.2.1 Wood pellet J 
 
For wood pellet J a total of nine basket-heating tests were performed and evaluated with 
the crossing point method. Data and calculations from the tests are presented in Table 6.9 
and a plot of ∂T/∂t versus 1000/TCP, to determine kinetic parameters (see formula in 
section 4.2.2), is shown in Figure 6.15. 
 
Table 6.9 Measured crossing point temperatures and calculations for wood pellet J 

(see Figure 6.15). 
Test nr TOVEN (°C) TCP (K) 1000/TCP (K-1) ∂T/∂t at CP ln(∂T/∂t) 
1 180 455 2,20 0,0076 -4,875 
2 200 476 2,10 0,0250 -3,687 
3 200 486 2,06 0,0296 -3,521 
4 220 * * * * 
5 200 * * * * 
6 210 * * * * 
7 195 474 2,11 0,0205 -3,886 
8 190 471 2,12 0,0141 -4,259 
9 185 459 2,18 0,0104 -4,567 
* Test was aborted before CP was reached. 
 

 
Figure 6.15 Wood pellet J, plot of ln(∂T/∂t) against 1000/TP for each ambient 

temperature. 
 
 
  

y = -9.7788x + 16.684
R² = 0.9429

-8

-7

-6

-5

-4

-3

-2

-1

0

2 2.05 2.1 2.15 2.2 2.25

ln
(d

T/
dt

)

1000/T

Wood pellet J

ln(dT/dt)

Linear (ln(dT/dt))



45 

 

6.2.2 Wood pellet M 
 
For wood pellet M a total of five basket-heating tests were performed and evaluated with 
the crossing point method. Data and calculations from the tests are presented in Table 
6.10 and a plot of ∂T/∂t versus 1000/TCP, to determine kinetic parameters (see formula in 
section 4.2.2), is shown in Figure 6.16. 
 
Table 6.10 Measured crossing point temperatures and calculations for wood pellet M 

(see Figure 6.16). 
Test nr TOVEN (°C) TCP (K) 1000/TCP (K-1) ∂T/∂t at CP ln(∂T/∂t) 
1 190 462 2,163 0,0117 -4,450 
2 170 442 2,263 0,0041 -5,496 
3 200 475 2,104 0,0178 -4,026 
4 160 432 2,316 0,0029 -5,840 
5 180 453 2,209 0,0063 -5,071 
 

 
Figure 6.16 Wood pellet M, plot of ln(∂T/∂t) against 1000/TP for each ambient 

temperature 
 
  

y = -8.8907x + 14.68
R² = 0.9866

-8

-7

-6

-5

-4

-3

-2

-1

0

2.05 2.1 2.15 2.2 2.25 2.3 2.35

ln
(d

T/
dt

)

1000/T

Wood pellet M

ln(dT/dt)

Linear (ln(dT/dt))



46 

 

6.2.3 Wood pellet L 
 
For wood pellet L a total of five basket-heating tests were performed and evaluated with 
the crossing point method. Data and calculations from the tests are presented in Table 
6.11 and a plot of ∂T/∂t versus 1000/TCP, to determine kinetic parameters (see formula in 
section 4.2.2), is shown in Figure 6.17. 
 
Table 6.11 Measured crossing point temperatures and calculations for wood pellet L 

(see Figure 6.17). 
Test nr TOVEN (°C) TCP (K) 1000/TCP (K-1) ∂T/∂t at CP ln(∂T/∂t) 
1 180 455 2,200 0,0110 -4,511 
2 190 467 2,142 0,0197 -3,928 
3 170 444 2,252 0,0064 -5,048 
4 200 475 2,104 0,0340 -3,384 
5 160 433 2,309 0,0045 -5,402 
 

 
Figure 6.17 Wood pellet L, plot of ln(∂T/∂t) against 1000/TP for each ambient 

temperature. 
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6.2.4 Summary of the basket-heating test results 
 
The basket-heating tests were performed and evaluated with the crossing point method. A 
minimum of 5 tests were performed with different ambient temperatures for each pellet 
type and detailed results are found in sections 6.2.1-6.2.3. By using the equations in 
Figure 6.15-Figure 6.17 and the formula presented in section 4.2.2, the kinetic parameters 
E and QA can be calculated, see Table 6.12. 
 
Table 6.12 Kinetic parameters, calculated with test data from basket heating tests. 

Wood pellet ρ, bulk  
(kg/m3) 

Cp, bulk 
(J/kg.K) 

E (kJ/mol) Q×A 

J 766 1455 81 2.6 × 1010 
M 719 1650 74 3.9 × 109 
L 715 1600 82 5.1 × 1010 
 
It is difficult to see the reactivity of the wood pellets by simply comparing the kinetic 
parameters E and Q×A individually. As mentioned in section 6.1.4., one method is to 
compare the heat production rate for each pellet type, where all kinetic parameters are 
included. When comparing the heat production rate for pellets M and L it is clear that 
pellet L is more reactive than M within the measured temperature interval (150-200 °C), 
see Figure 6.18. 
 

 
Figure 6.18 Heat production rate s for pellet M and L. Calculations are based on data 

from the basket heating tests (crossing point method) at 150-200 °C. Pellet L 
is more reactive than M. 
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6.3 Results from TPS measurements 
 
6.3.1 Measurements on single pellets 
 
The measurements on single pellets were able to show that a pellet is relatively isotropic 
regarding thermal properties. The results presented in Table 6.13 and Table 6.14 show 
that there was no significant difference between measurements in the X-Y plane 
compared to measurements in the Z-Y-plane (see Figure 5.1 for definition of axes). 
 
Table 6.13 Statistics for measurements on horizontal pellet. One sample pair, position 

1-4. 
 Thermal 

conductivity  
Thermal diffusivity Spec. heat 

capacity 
Mean value 0.35 W m-1 K-1 0.19 mm2 s-1 1.83 MJ m-3 K-1 
Standard deviation 0.02 W m-1 K-1 0.01 mm2 s-1 0.15 MJ m-3 K-1 
Standard deviation 
in percent of mean 
value 

4.5 % 5.5 % 8.5 % 

 
Table 6.14 Statistics for measurements on vertical pellet. Includes the four possible 

combinations of turning of Sample 1 and Sample 2. 
 Thermal 

conductivity  
Thermal diffusivity Spec. heat 

capacity 
Mean value 0.34 W m-1 K-1 0.19 mm2 s-1 1.78 MJ m-3 K-1 
Standard deviation 0.03 W m-1 K-1 0.02 mm2 s-1 0.06 MJ m-3 K-1 
Standard deviation 
in percent of mean 
value 9.6 % 11.1 % 3.1 % 
 
The conclusion from these measurements was that it is not of any significance if the 
measurements are made with horizontal or vertical arrangement of pellets. 
 
As expected the moisture content of the material affected the results, see Figure 6.19. 
Higher moisture content gave higher values for thermal conductivity. This is logical since 
water has a higher conductivity than air. The heat capacity increases also with moisture 
content due to the high heat capacity of water. Therefore, the thermal diffusivity does not 
change significantly with moisture content. 
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Figure 6.19 Results for measurements before and after drying. The measurements were 

carried out on the horizontally oriented samples (pos. 4). 
 
To investigate the reproducibility between measurements on different sample species, the 
thermal properties for seven different horizontally mounted sample pairs of pellet type C 
were measured. The results are summarized in Table 6.15 and show that the variation 
between samples was low. 
 
Table 6.15 Statistics for variation between seven pair of samples. The measurements 

were made on samples in the horizontal position. 
 Thermal 

conductivity  
Thermal 
diffusivity 

Spec. heat capacity 

Mean value 0.36 W m-1 K-1 0.20 mm2 s-1 1.84 MJ m-3 K-1 
Standard deviation 0.02 W m-1 K-1 0.02 mm2 s-1 0.16 MJ m-3 K-1 
Standard deviation 
in percentage of 
mean value 5.6 % 9.7 % 9.0 % 
 
Measurements of thermal heat capacity using the TPS-technique with a dedicated sample 
holder were conducted on pellet C, L and M. At least duplicate tests were made and the 
reproducibility was good. The results from these measurements are given in Table 6.16.  
 
Table 6.16  Measurements using TPS-technique with dedicated sample holder for 

specific thermal heat capacity. Average from multiple tests. 
Pellet type Spec. heat capacity 

[J kg-1 K-1] 
C 1520, 1537, 1529 

Mean = 1530  
L 1625, 1632 

Mean = 1628  
M 1704, 1704 

Mean = 1704  
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6.3.2 Measurements on pellet bulk 
 
Measurements on pellet bulk were conducted with pellet C, L and M. With type C, 
measurements were made both on the original pellet bulk, bulk material where the size of 
individual pellets had been reduced, and bulk of fine fraction of pellets.  
 
The results of the measurements with type C are summarized in Table 6.17. The sensor 
was mounted in a horizontal position in all tests reported in the table.  
 
Table 6.17 Results from measurements on pellet bulk material from pellet type C.  
Pellet type 
C 
Fraction 

Bulk 
density 
[kg m-3] 

Moisture 
content 
[wt-%] 

Thermal 
conductivity  
[W m-1 K-1] 

Thermal 
diffusivity 
[mm2 s-1] 

Spec. heat 
capacity 

[MJ m-3 K-1] 
Original 20 
– 25 mm 
pellet length 

706 N.A. 0.18 0.17 1.1 

~ 16 mm 
pellet length 

N.A. N.A. 0.16 0.14 1.2 

~ 8 mm 
pellet length 

N.A. N.A. 0.19 0.22 0.84 

Fine 
fraction  
0 – 6 mm 

474 6.6 0.12 0.16 0.77 

Fine 
fraction  
0 – 3 mm 

480 6.5 0.12 0.16 0.71 

N.A. = Not available. 
 
The results from the tests with pellet L and M are given in Table 6.18. In this case the 
measurements were only conducted with the original pellet bulk. It was also investigated 
whether the orientation of the sensor had an influence on the results. No influence could 
be detected provided stabilization times of 4 hours were used throughout. 
 
Table 6.18.  Results from measurements on pellet bulk material from pellet type L and 

M. 
Pellet type and 
orientation of 
sensor 

Orientation 
of sensor 

Thermal 
conductivity  
[W m-1 K-1] 

Thermal 
diffusivity 
[mm2 s-1] 

Spec. heat 
capacity 
[MJ m-3 K-1] 

L horizontal 0.159 0.140 1.13 
     
M horizontal 0.1706 0.1438 1.186 
M vertical 0.1722 0.1483 1.161 
M  
average  

 0.171  0.146  1.17  

 
 
6.3.3 Summary of the TPS test results 
 
In order to make an assessment of the reliability of measurements of specific heat 
capacity on bulk samples, the results with the different TPS-methods investigated have 
been compared in Table 6.19. 
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For the measurements directly on a pellet with a small sensor (only conducted for pellet 
type C) or on the pellet material with the dedicated heat capacity sensor, the heat capacity 
for the pellet bulk was calculated using the equation below: 
 
ρbulk × cbulk = Ø × ρair × cair + (1-Ø) × ρpellet × cpellet (7.1) 
  
where Ø (porosity) = 1 – (ρbulk/ρpellet) (7.2) 
   
 
The properties used in the calculations for air were ρair = 1.16 kg/m3,and cair = 1007 J/g/K.  
 
As can be seen from the results with pellet C, all methods gave equivalent results for the 
specific heat capacity of the bulk.  
 
Table 6.19  Specific heat capacity measured with TPS and derived for pellet bulk. 
Pellet 
type 

TPS measurement Measured specific 
heat 

Specific heat for 
bulk 

[J/kg/K] 

C Single pellet (2.001 mm 
sensor radius) 

1.83 MJ m-3 K-1 1540 *1 

Pellet  
(heat capacity sensor)  

1530 J kg-1 K-1 1530 *3 

Bulk  1.1 MJ m-3 K-1 1560 *2 
L Pellet  

(heat capacity sensor)  
1628 J kg-1 K-1 1630 *3 

Bulk  1.33 MJ m-3 K-1 1580 *2 
M Pellet  

(heat capacity sensor)  
1704 J kg-1 K-1 1700 *3 

Bulk  1.174 MJ m-3 K-1 1630 *2 
*1 Derived from measurement on single pellet and calculated for bulk. 
*2 Derived from measurement on bulk. 
*3 Measured on pellet material and calculated for bulk. 
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7 Discussion 
 
The selection of the different types of pellets used for the different test series conducted 
in the LUBA project was made in the project group and the decision was based on 
expectation of reactivity, availability and a desire to select pellets with different 
properties. The selection of pellets for the verification test series was based on the results 
from the screening test series. 
 
The majority of the tests in the micro calorimeter were run with 4 g of pellets at 60 °C. 
This choice was based on the preparatory tests run for the development of the 
methodology. 
 
The basket-heating tests conducted with the crossing point method for evaluating the 
reaction rate for the heat producing reaction gave results that appears to be reasonable. 
Comparing the reactivity rates from the basket heating tests and those from the isothermal 
calorimetry tests for pellets M and L, indicate that both methods gave the same ranking of 
reactivity. One must keep in mind, however, that these two methods are applied in 
different temperature regions and the results cannot therefore be directly compared. The 
trend where a higher energy production was found from pellet L can be seen from the 
results of both methods. 
 
The basket-heating tests were conducted with pellets with a length of ≤ 20 mm. Longer 
individual pellets were removed as these were expected to give non-isotropic bulk 
properties with large differences in porosity in the comparatively small volume of the 
sample. Difficulties had been seen in earlier tests with unusually long pellets and that was 
the reason for avoiding this problem here. There was, however, no systematic 
investigation done here to investigate the extent and limitation of this potential problem 
of the method when applied to wood pellets. 
 
It was shown that the TPS-method for determination of thermal properties is applicable 
both for measurements on single pellets and for measurement on pellet bulk material. The 
measurements on single pellets showed that the moisture content of the material has an 
influence on the thermal properties, which was expected. It was further demonstrated that 
the specific heat capacity measured on a single pellet can be converted to the 
corresponding bulk property by a simple calculation. Important information from the 
measurements on pellet bulk showed that the thermal properties of the bulk is dependent 
on the size fraction of the pellets. The data concerning thermal properties needed for input 
to heat transfer calculations is normally based on the properties for the bulk material. The 
results from the bulk measurements on thermal properties reported here were proven to be 
consistent and are assessed to be reliable. Therefore this method can be recommended.  
 
The sampling process is always an important issue when it comes to experimentally 
tested material. An effort has been made to sample in as representative a manner as 
possible, irrespective of the scale. It is difficult to assess the quality of the sampling, but 
the very good repeatability in most cases in the isothermal calorimeter means that the 
difference between the pellets in the tested samples is limited and this indicates that the 
subdivision into smaller samples, e.g. using a splitter, has worked well. It does not, 
however, say anything about the quality or representativeness of the original sample from 
the production. 
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8 Conclusions 
In total 21 different pellets samples (taken from 13 different pellets batches) were tested 
in isothermal micro calorimeter. These samples differed concerning type of pellets, 
physical form (whole pellets or pellets crushed into powder), and storage time (fresh 
pellets or pellets stored for several months). One of the tested samples was also taken 
after having been involved in a 1 m3 self-heating test [1]. 
 
The samples showed significant differences in propensity for self-heating. There are 
differences between different types of pellets. The fresh pellets are more active than 
stored ones. An increase in test temperature from 40 ºC to 80 ºC, significantly increase 
the reactivity and release of heat. 
 
For each tested sample in the isothermal calorimeter, a repetition test was performed and 
the results showed very good repeatability. 
 
Comparing the reactivity rates from the basket-heating tests and those from the 
isothermal calorimetry tests for pellets M and L, both methods gave the same ranking of 
reactivity. 
 
The thermal properties of the pellet bulk is an important factor in the self-heating process. 
The TPS-method was shown to be able to measure the thermal properties directly on 
pellet bulk material. Results on the types of pellets bulk material studied here showed a 
thermal conductivity in the range of 0.16 W/m/K - 0.18 W/m/K and a specific volumetric 
heat capacity of about 1.1 MJ/m3/K for room temperature and a moisture content as 
received. 
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