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Abstract 

Self-oxidation and spontaneous combustion of coals is a problem of global concern. 

There are social, economic and environmental costs associated with this 

phenomenon and major incidents can, in extreme cases, lead to human casualties.  

More often however, damage is made to commercial facilities, the calorific value of 

the fuel is reduced and substantial release of noxious gases, particulate matter and 

CO2 may contribute to local and international pollution levels. 

This problem is not only restricted to coals, it also affects other carbonaceous 

materials such as biomass and potentially coal-biomass blends. A considerable 

amount of literature has been published, and whilst the causes are relatively well 

understood, the existing methods for predicting spontaneous combustion are not 

reliable enough for scientists or the coal industry. This research focuses on 

understanding the oxidation characteristics of coal, biomass and coal-biomass blends 

at low temperatures, with the aim of defining a set of experimental test procedures to 

identify coal and biomass propensity to spontaneously combust. 

Based on a comprehensive literature survey, two main research areas were identified 

as feasible sources of information to detect prone coals: microscopy and thermal 

analysis. Considering these, an extensive experimental program was carried out 

using 42 coals (including at least three well known samples prone to spontaneous 

combustion), 10 different biomass types, and a number of coal-biomass blends, 

including diverse particle and sample sizes, at different stages of the oxidation 

process. Initially, pulverized coal samples (size <106µm) were subjected to 

thermogravimetric and calorimetric tests (small sample size), and differential thermal 

analysis (large sample size) using a large scale reactor. From these tests, the link 

between the weight loss/gain of the samples and the reactivity at low temperature 
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was confirmed, developing successfully two thermogravimetric tests to identify high 

risk samples. Afterwards, textural features of thermally altered coal samples (light 

reflectance and particle morphology) were studied by means of combined 

petrographic and image analysis techniques. Results showed that particle reflectance 

and textural changes depend on oxidation temperature, which are linked to the 

spontaneous combustion potential. Based on these results, two tests were proposed 

by comparing light reflectance before and after a slow oxidation, quantifying the 

formation of morphotypes associated with highly reactive samples. 

A similar approach was used to study biomass and coal-biomass blends, focusing on 

the quantification of intrinsic reactivity and particle morphology by TGA and optical 

microscopy. For raw and char biomass particles, results showed a significant 

correlation between the optical and reactivity properties. Additionally, several new 

morphotypes were identified from biomass char samples. These characteristics were 

associated with the thermal behaviour of large samples, although these results did 

not suggest any distinctive indicator to identify samples prone to self-heat, 

concluding that the low temperature oxidation of biomass is a completely different 

phenomenon to that experienced by coals.  

In the case of coal-biomass blends, the most relevant finding was a synergetic effect 

observed for the ignition temperature, which was always lower than the ignition 

temperature of the individual components. This finding has not been described in 

literature before, and further work is necessary in order to investigate this interaction 

in greater depth. Finally, a set of standardised procedures to assess the reactive 

properties of these materials has also been proposed. 
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Chapter 1. General overview 

1.1 Introduction  

1.1.1 The influence of coal in our society 

Coal has been present in the world before the beginning of human history. This rock 

is the remaining of organic life over the last 360 million years. It is a petrified matrix 

of carbon formed during the primary age of the Earth through the deposition and 

compaction of organic matter from prehistoric animals, forest and soils [1] (Figure 1). 

In this period of time, this material has been exposed to extreme physical processes 

including high pressures and elevated temperatures through compaction, resulting in 

significant changes in its chemical structure. Then, the material has been 

concentrated in deep layers underground to remain as the mineral that is today 

known as coal [2,3]. 

 

Figure 1: Coal formation process, with additional information from [2,1,3].  
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The impact of coal in our civilization is significant. Archaeological reports attribute 

the first uses of coal by human tribes with the discovery of fire (the exothermic 

reaction of coal oxidation). In this case, coal was used as an alternative to wood for 

cooking food and provide heat [4,5,6]. Later on, in the Iron and Bronze Age, it was 

used for melting and deformation of metals, which requires high temperatures that 

were only possible to be obtained by coal combustion. In addition, coal was used as 

an additive to change the strength properties of metals through the creation of the 

first metal alloys. Archaeological investigations have revealed that these materials 

contain a high concentration of carbon (examined by advanced metallographic 

analysis), which can only be explained by the use of coal as an additive [7].  

By the end of the Middle ages, it was used to heat big castles and cities, as well as to 

obtain some early primary supplies such as methane gas. It was at this point in 

history that the first complaint arose about contamination produced by the smoke 

from coal fires. It was subsequently banned in London by King Edward I in 1276, 

because the local air quality had become so poor [8]. However, it was also a vital 

ingredient in some early discoveries, such as the gunpowder in China (around 10 

AD), which was later introduced to Europe (around 13 AD) [9,10].  

However, it was at the end of 17
th
 century when coal use became central to the 

development of our civilization. Alongside iron, steam and railways, coal is the 

symbol of the industrial age. It was the primary matter that provided the energy 

needed for steam machines, transport, agriculture, and the power to sustain the new 

chain production lines being implemented during the industrial revolution. At this 

point, coal has revolutionized society, which had previously relied on manual labour 

towards a machine based manufacturing economy. At the same time, other 

discoveries such as electricity and artificial lighting increase the need for coal [11].  
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Spontaneous combustion of coal and natural coal fires have been documented during 

the whole history. The oldest record of a coal fire was found in China, specifically in 

the Xinjiang region, which started in the year of 1560. This fire has been active for at 

least 400 years, and just has been recently extinguished [12]. Nowadays, active coal 

fires can be found across the entire world as a problem of global proportions, with 

vast areas being affected in China, Australia, India, South Africa and North America. 

1.1.2 The increasing coal consumption to cover the energy demand 

Nowadays, coal is one of the most important globally traded fuels meeting growing 

energy requirements. 26% of primary energy needs in the world is produced from 

coal, providing 41% of worldwide electricity production (Figure 2) [13]. Coal has a 

high energy density (approximately 8000 to 15000 BTU or 13 to 24MJ kg
-1

 [14]); it 

also has a low production cost, for example coal for steam generation cost around 

U$47 to U$70 per short Ton (unit of mass equal to 2000 pounds, used by the coal 

industry), depending of the calorific value and the sulphur content; the metallurgical 

coal cost approximately U$150 per short Ton [13]. Finally, coal can be easily stored 

and transported, and it is available across the whole world [3].  

 

Figure 2: World energy outlook 2006, adapted from [14].  
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Despite all the problems and the negative image of coal, its use is expected to 

steadily increase. In 2009, 5990 million of tons (Mt) of coal were produced, from 

which 5210Mt was used for steam and electricity production directly, and 780Mt 

was used for coke making. It has been estimated that the reserves are in the order of 

984 billions of tons (Bt), which could cover the demand for next 120 years (based on 

coal consumption of 2006) [14]. The largest worldwide reserves are located in 

United States (250Bt), Russia (150Bt), China (120Bt), India (85Bt) and Australia 

(80Bt). Nevertheless, the main producer is China with 2970Mt per year, followed by 

United States with just 920Mt per year. The main consumer of coal is Asia with a 54% 

of the global demand, in which China is one of the main contributors. The second 

largest consumer is the United States, which consumes approximately 20% of the 

worldwide production [13]. 

1.1.3 The impacts and hazards of coal use 

Regardless of all its benefits, at the end of 20
th
 century coal use became an active 

focus of debate due to its link with human health effects and climate change. With 

regard to the effects in human health, these are significant at early stages of 

production, specifically during the mining and extraction process. Among these, the 

main hazards are poisoning due to breathing of CO and methane; inhalation of heavy 

metals such as mercury, selenium, and arsenic; and casualties produced by gas 

explosions inside pits and coal fires (in the surface or inside pits) [15,16]. In the last 

decades, there has been an improvement in working conditions that has helped 

considerably to reduce and avoid these risks [17]. 

Regarding to the effects on the environment, the first place where these are seen is 

close to the mining sites, where millions of tons of waste dumps are generated. Also, 

when coal has high sulphur content, extraction generates gaseous aerosols to produce 
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acid rain, as well as contamination of natural water resources with heavy metals, 

affecting the flora and fauna that depend directly on this. Finally, it also contributes 

to release of particulate matter to the air; all of these factors leads to high levels of 

environmental pollution disturbing wildlife and human population in areas adjacent 

to the mining sites [18].  

In addition to these, one of the main impacts of coal has been on climate change, 

which may prove to change the course of human history. It has been demonstrated 

that the natural CO2 and methane concentration in the atmosphere produces a global 

warming effect, which helps to maintain the temperature at a stable value (~-10 to 

40
o
C, depending on the place). This natural phenomenon has relevance crucial for all 

the geological and biological cycles, as well as temperature and wind conditions 

necessaries to sustain the life in the earth [19]. However, it also has been revealed 

that there has been an increase in the CO2 concentration due to human activities 

within the last 100 years [20,21,13]. Every day, millions of tons of coal are burned 

through the combustion process to obtain energy [14]. When added to the other 

emissions of CO2 from fossil fuels, these emissions have led to an increase of the 

global concentration of CO2 in the atmosphere, which is starting to modify all 

natural cycles. This had produced some negative effects such as increase of 

temperature in the ocean (reducing the solubility of O2 and CO2), helping to melt the 

ice in the poles, influencing changes in the wind directions, and then it is producing 

an unknown effect in the whole world life [20]. 

At the same time, the natural combustion of coal has received much less attention 

from the media, despite being a major source of CO2 and CH4 emissions [21]. The 

natural self-oxidation of coal has created several uncontrolled coal fires around the 

world, which are responsible for diseases and fatalities in humans around these sites. 
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These fires are also responsible for an uncalculated amount of noxious gases, 

particulate matter and CO2 released into the atmosphere producing an unknown 

impact [22]. Lamentably, there are just a few active initiatives that trying to study the 

effects and the possible solutions to this underestimated problem.  

1.2 Natural coal fires in the world: an underestimated problem 

Figure 3 presents an overview of coal fires around the world. In these places, fires 

have been initiated by natural causes or by human activity, and some of these have 

been burning for hundreds of years. However, what is less clear is the magnitude of 

the area affected, the total gaseous emissions, and the potential impacts produced 

[22]. In addition to scientific studies by academics, there are also some 

intergovernmental initiatives such as the Sino-German initiative [23], and the 

American Government initiative [24], which have provided funding and support for 

research groups in order to clarify how some of these issues are linked to a global 

scenario.  

 

Figure 3: Overview of the coal fires events in the world.  
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1.2.1 Coal fires and spontaneous coal fires 

In order to understand the consequences of a coal fire, it is prior necessary to 

understand its origins. Natural coal combustion can be triggered by different factors 

that have been classified in two main groups: fi res produced by an external ignition 

source, or fires started spontaneously due to a self oxidation reactions that can occur 

in coal [25,26]. The first and the most common group of fires are produced by 

external sources of ignition. In these cases, the combustion reaction can be triggered 

by an external event such as a forest fire, lightning (which produce a fire directly or 

indirectly in the coal deposit), but the most frequent cause is through human-induced 

ignition [21,22,26]. Normally, the reaction starts from a highly exothermic stage 

releasing an elevated amount of heat, which increases the temperature of the coal 

deposit accelerating the oxidation into a self sustainable reaction. In this case the 

temperature of the reaction is close to 400
o
C depending of the coal type [2]. 

The second case is not as frequent as the first, and it arises from a self-oxidation 

reaction. This reaction is a slow process that can take from several hours to days or 

weeks; passing through thermal decomposition and oxidation steps when the 

material is exposed to the oxygen present in the air [27,28]. At ambient temperature 

this reaction is thermodynamically spontaneous, which means that it does not need 

an external source of energy to progress. Compared with a conventional combustion, 

this is a series of parallel endothermic and exothermic reactions developed between 

20 to 100
o
C, releasing some heavy volatiles as well as H2O, CH4 and CO, without 

the presence of a visible flame [29]. However, if the exothermic reactions outweigh 

the endothermic reactions, the rate of heating can increase considerably and release 

higher amounts of CO2 and water, which added to a poor ventilation (reduced 

cooling not allowing the heat dissipation), it can be out of control and reach a 
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complete combustion stage [21,22,28]. This process is known in popular terms as 

ñspontaneous combustion of coalò, and its characteristics and identification are the 

main focus of this research. 

It is important to clarify the differences between these two types of fire, because both 

evolve in a completely different way. It is a common error to confuse underground 

coal fires with spontaneous coal fires [25,26]. The first case requires an external 

source of energy to induce the fire, because the surface area exposed to the oxygen is 

not large enough to generate and accumulate the heat needed for a self-sustainable 

thermal run-away [30]. Also, these fires are characterized by high temperatures and 

once it starts, the chances to stop it without any external intervention are reduced 

[31,32]. The spontaneous combustion of coal could never reach the exothermic stage 

if the amount of heat produced is readily dissipated to the environment. However, if 

the heat is concentrated in the deposit, the possibilities to become a self-sustainable 

fire are high. The last point is important because an early detection of the self-

oxidation reaction can translate to an action, which could considerably reduce the 

chances of reaching the high exothermally point resulting in an uncontrolled fire [33]. 

Perhaps a clear differentiation can be established by understanding the difference 

between ignition phenomena (the first case), with a self-heating phenomenon such as 

the spontaneous combustion of coal (second case).    

1.2.2 Underground coal fires and surface coal fires 

Natural coal fires can also be classified depending on the location in which it takes 

place: underground coal fires and fires in the surface [34]. Considering the 

underground coal fires, these are produced in the interior of seams and pits, due to 

gas explosions or induced by human activities such as welding works, electrical 

short circuits and smoking. Also, these can be produced by natural events such as 
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lightning, or ignition from forest fires close to the mining site. Underground coal 

fires can remain active for hundreds of years, consuming oxygen through the 

ventilation systems, burning at a very slow rate [32]. Surface coal fires could share 

the same origin as underground fires, there is the additional possibility of a 

spontaneous ignition [26,28,29]. This new classification, added to the explanation 

given in the previous section, is useful in understanding the characteristics of a coal 

fire. Figure 4 shows the different ways to classify a coal fire. 

 

Figure 4: Classification of coal fires.  

1.2.3 Historical reports of spontaneous coal fires around the world 

In order to get an historical perspective, the information documented and available in 

the web can be organized in a histogram relating the numbers of references for the 

term ñSpontaneous Coal Fireò with the time associated to these events. By using the 

time line tool provided by Google, it is possible to present the results as a graph 

(Figure 5). This gives an idea about the period of most activity, with most documents 

being generated around 1900, in the boom of coal industry.  

Recently, there has been an increase in spontaneous coal fire accidents reported in 

mining sites, coal deposits and power stations. Among these, there have been reports 

of spontaneous coal fires with the Kleinkopje coal seam in South Africa since 1900 

[35]; and in the El Cerrejon mine in Colombia [36] being amongst the most recurrent. 

In these cases, the frequency has been in order of days. There have also been several 
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accidents during the coal transport in marine vessels, extensively reviewed at the 

beginning of 20
th
 century [37]; and accidents in storage sites at power plants, such as 

an incident reported recently in Spain, in which a spontaneous coal fire started in a 

coal deposit property of Union Fenosa in November 2007, which took a week to 

control the fire [38]; as well as in some mining sites in China [39], Australia [40], 

India [41], South Africa [42], and several more around the world [21,26,22,43]. 

 

Figure 5: Histogram of number of references per year associated to the term 

ñSpontaneous coal fireò displayed by Google. 

From these experiences, it is noted that extinguishing a coal fire in a deposit (e.g. 

inside a power plant) can be an extremely complicated task due to the amount of coal 

involved, usually with stockpiles of up to Millions of tons [35]. These circumstances 

also brings severe economic losses due to the loss of calorific value, the need for 

extra labour to combat the fire, and in the most dramatic cases human casualties and 

damage to the main facilities associated to the coal deposit [39]. Clearly, there is an 

imperative to avoid these events throughout technical mechanisms and systems for 

early detection [44].   

1.2.4 Effects of coal fires in the environment and human populations 

The consequences of natural coal fires are vast and serious, and they affect the 

environment, the economy, social aspects and human health. On a global scale, the 

main concern is related to the emission of large amounts of greenhouse gases, which 



Chapter 1. General overview 

11 

 

has become the central focus of attention as a result of global warming issues [21,45]. 

However, the local and regional scale effects have immediate consequences that are 

far more evident in terms of impact on natural resources and human lives [46,45,22]. 

Also, coal fires are particularly severe in developing countries such as China, India 

and South Africa, where policies and available resources to mitigate the problem are 

scarce or have a low priority [35,39,41].  

In addition, natural resources can suffer significant alterations. The first impact is a 

change in the geological environment, generating extensive zones of burned rocks 

and leaving large empty areas below the surface (in the case of an underground fire), 

with high potential risks of floodings and landslides. Also, burned rocks increases 

permeability and water retention that can produce changes in the physico-chemical 

conditions around the place, such as contamination of remote areas with heavy 

metals through water leaching [43,47]. At the same time, soil surfaces become more 

complex, which can accelerate processes such as soil desertification, wind and water 

erosion, and acid rainfall [43,47]. 

The emission of noxious gases emitted from coal fires, and the high temperatures 

reached produce significant alterations in the local flora and fauna. High 

temperatures at the surface around a coal fire can reach more than 100
o
C destroying 

the vegetation, resulting in the death of microorganisms, insects and grass, which 

also reduces the biodiversity of these areas [43]. Those problems are enlarged when 

heavy rain fall and strong winds transmit pollutants to natural places adjacent to the 

affected sites, affecting the local human population [46]. 

Greenhouse gas emissions from natural coal fires are relevant but at the same time 

unquantified. A research group has estimated that coal fires in northern China 

produces each year around 0.49Mt of CO, 0.51Mt of SO2, 0.3Mt of NO2, 0.11Mt of 
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dust. This smoke and particulate matter are spread over vast areas that include some 

big cities, which presents a pollution index five times higher than the national 

standard [26]. In other estimations, natural coal fires in China burn 200Mt of coal per 

year, equivalent to about 20 per cent of the total amount of coal used by the United 

States for power generation [22]. The amount of coal involved in natural coal fires 

burning in India and France was partially estimated, unfortunately it does not 

represent the complete local landscape [41,43]. Therefore, with an uncertain 

numbers of active coal fires, it is even more difficult to obtain a global estimation of 

emissions across the world.  

Coal fires also produce a high impact on human health, especially for local residents 

close to the burning sites. The long term exposure to the emission of noxious gases 

such as H2S and SO2 has direct relation to lung cancer and damage to the respiratory 

system [43]. Also, the prolonged exposure to a range of volatile organic species 

emitted from these fires, including xylene, toluene and benzene, could be another 

cause of respiratory diseases [42]. Recently, nanomaterials released from fires have 

been identified, which could be potentially hazardous; however, the impact of these 

substances on human health is currently unknown.     

Finally, spontaneous coal fires are just a fraction of the natural coal fires; however 

these can damage the extractive and productive capacity of industries as well as 

reducing resources for mining resulting in economic losses. As mentioned earlier, 

there are some direct problems created by these such as the loss of material in 

deposits or in the mining site, redirection of the working force for extinguishing fires 

[41]. Alongside these, there is a reduction of the economic income for companies 

and governments, which also affects other businesses related directly or indirectly to 

the coal industry [43,47]. The cost of treatment of diseases produced in the 
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population due to poisoning and chronic intoxication, the recovery and 

decontamination of soils affected, the cost to reintroduce natural species in affected 

places, and the loss of environmental value of these sites and others indirect 

problems are even more difficult to quantify [43].  

1.3 A new player: biomass used as a fuel to combat climate change  

Considering the current living standards of our society, the impact of coal 

consumption has increased, and it is necessary to find clean and sustainable 

alternatives to replace it. As a result, the use of fresh biomass (energy crops & 

forestry waste) and the use of the organic fraction of municipal wastes are now 

considered clean sources of renewable energy. Both have a potential role to play in 

combustion and gasification processes [48,49] because they can reduce overall CO2 

and NOx emissions [50], with a lower cost energy source [51], whilst reducing waste 

residues from other processes and the reliance on imported fuels. For these reasons 

the drivers over the last decade have been towards the greater use of biomass in 

energy production through environmental and economic policy targets established 

for the EU [52]. This area is still an active focus of policy debate. In the UK, the 

targets for CO2 emission reductions from coal based electricity production by 2020 

are currently set at 32% of 1990 emissions [53], thus creating several scenarios in 

which biomass has a key role [54]. Each scenario highlights the need to understand 

how biomass differs from coal during combustion or gasification. 

Biomass combustion will be different from coal combustion, not least because of the 

huge differences in composition. The calorific value (cv) for biomass material can 

range from 4-19GJ ton
-1

, with moisture contents of 2% to 60%, carbon contents of 

20% to 80wt%, and volatile contents of ~10 to 70% [55]. A standard bituminous coal 

might have values of 36Gj ton
-1

 for CV, 1% of moisture, 90% of carbon content and 
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22% of volatiles, although they can vary depending on the age of the coal [3,2]. 

Nevertheless, these differences are negative when coal is replaced directly by 

biomass, because the efficiency of the whole process is reduced considerably [71]. 

However, in the last ten years co-firing of coal-biomass blends has seen an increased 

interest in partial replacement of coal with biomass in power stations. Blending has 

been the route to minimizing the negative impacts. The advantages include the direct 

reduction of CO2 with approximately 10% now being produced by the closed carbon 

cycle of biomass; the use of residues and organic wastes from other process, which 

reduce landfill disposal; a reduction in the ash waste generated due to its low ash 

content; and the diversification of the energy matrix [56]. Nevertheless, the negative 

impacts include the increase in NOX emissions [56]; the synergistic effects produced 

by coal-biomass blends on ash deposition, which affects the heat recovery systems 

and reduce the efficiency of the whole process [56]; there is an increase in the energy 

needed for milling due to the fibrous nature of biomass [56]; and problems related to 

the seasonal fluctuations of the supply [54]. 

1.4 Potential risks of biomass and coal-biomass blends 

Biomass under certain conditions also has the potential to suffer a thermal runaway. 

There have been incidents reported in the literature [57], but less scientific attention 

has been placed on this problem, probably due to its low incidence rate. However, 

some biomasses have a particularly high chance of spontaneous fires [58]. In these 

cases, the causes of the self-heating are different than those presented by coal, and 

bacterial activity is usually one of the main contributors through the heat released 

from the aerobic respiration process [59]. 

Also, the spontaneous combustion of coal-biomass blends is a potential problem that 

has not received any consideration. As co-firing initiatives are increasing, large 
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quantities of coal and biomass used for electricity generation are being stockpiled in 

power stations. These deposits share the same environmental conditions as coal, such 

as open stockpiling in the contact with rain, wind and sun radiation. Under these 

circumstances, there is insufficient information about the potential risks of thermal 

runaways produced by self-oxidation processes; about how a blend of these materials 

behave when stored for short or long periods of time; and also about any possible 

synergistic effects produced by biomass/coal blends [60]. As it will be shown later 

that environmental moisture and water content are critical parameters that link to the 

thermal runaway of coal. At the same time, fresh biomass and organic wastes are 

characterized by their high water content. The association of these two factors can 

have dramatic consequences with regard to a self-heating phenomenon.  

1.5 Thesis overview 

The aim of this research is the prediction of spontaneous combustion. After the 

review of the current global scenarios given in this Chapter, the scientific 

understanding of the spontaneous combustion phenomenon is reviewed in Chapter 2. 

Then, a methodological research proposal and the materials used to address these 

questions are presented in Chapter 3. The basic results of the investigation are 

presented in Chapters 4, 5 and 6; with an integrated view of all the results in Chapter 

7. Finally, Chapter 8 presents the main conclusions and findings of the whole project, 

as well as some recommendations for further work.    
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Chapter 2. Understanding the self-heating process  

2.1 Introduction 

The first attempts to understand the spontaneous combustion of coal appear around 

the beginning of twentieth century. In 1908, Parr [27] was one of the earliest 

researchers to study the initial stages of coal oxidation, particularly around 

weathering phenomena. He quantified the effect of volatile release and the 

adsorption of oxygen by measuring the partial pressure and the combustibility of the 

gas generated in a sealed sample jar after being stored for 10 months. This study also 

reported the loss of calorific value during weathering with similar values to those 

reported in current literature (~1.5 to 3%). From this early work he concluded that 

the aerial oxidation of the sample at low temperature was responsible for the changes. 

However, in 1911 Parr went even further [28] by describing the ñavidity of freshly-

mined coal for oxygenò and the loss of hydrocarbons, including accurate details of 

the amount of CO, CO2, CH4 and O2 involved in the reaction. Oxygen was found to 

ñabsorb very rapidly in a manner which does not result in the formation of carbon 

dioxide, but by direct incorporation into the molecular structure to satisfy certain of 

the unsaturated compoundsò. It was a relevant conclusion, and it is still part of the 

current understanding for the mechanism of the reaction. In 1926 [61,62], he went on 

to point to the effect of pyrite content as a factor for spontaneous combustion, but 

verifying that sulphur was not always the source [63]. Finally in 1929 [64], during a 

work related to low-temperature carbonization of coal, a coal sample was heated in a 

constant heating rate under an oxidative atmosphere (Figure 6), recording 

temperature profiles similar to these obtained using the crossing point temperature 

method, which was developed several years later (used nowadays for propensity 
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assessment). At this stage, this was one of the first graphic visualisation of the 

phenomenon. 

 

Figure 6: Experimental results obtained for Parr in 1926 [64]. 

In parallel to the work of Parr, in 1925 J. Davis developed an experimental method 

to quantify the loss of heating value, using a calorimetric device, indicating that 

coals stored at temperatures higher than 125
o
C would be extremely dangerous [65]. 

This was the first attempt to measure spontaneous propensity using the heat 

evolution rather than the rate of adsorption of oxygen [66]. This work identified 

some key parameters that influence the process including coal rank, particle size and 

surface area. Finally, Davis introduced the idea of the influence of moisture on the 

spontaneous heating of coal [67]. It was shown that ñin dried coals spontaneous 

heating proceeds slowly from 70
o
C tending to stop around 97

o
C, indicating that the 

presence of moisture is required by the spontaneous heating reactionsò. Finally, it 

was concluded that coals with moisture content have pores filled with water that 

cannot absorb oxygen; and dried coals will extract moisture from the environment 

creating a heat of condensation, which increase its critical temperature [67]. 
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However, later it was demonstrated that water content in some cases produce the 

opposite effect encouraging the reaction [68]. 

Over time, different scientific disciplines have tried to understand the phenomenon, 

using the tools available within their own field. Geologists introduced the use of 

microscopes to quantify mineral content and crystal structure of the coal matrix [69]; 

Engineers introduced measurements of bed temperature, calorific values, and fluid 

dynamics of the systems [70]; Chemists introduced the kinetics and mechanisms, 

identifying also the organic components involved in the reactions [29]. Recently, the 

integration of the results from these different areas has brought a clearer 

understanding of the process. However, although the causes are well known, there is 

still a need to develop safe and reliable methods for an early detection of the reaction. 

Spontaneous combustion incidents still happen that could probably be avoided. 

2.2 The spontaneous heating reactions of coal 

There are different oxidation reactions that coal can undergo depending on the 

magnitude of the variables involved in the process. In all cases, these reactions have 

an exothermic characteristic that contributes in a single or parallel way to the global 

phenomena of self-heating. The development of a mechanism to explain the 

phenomenon depends directly on the variables present and the specific chemical 

reactions involved. From literature, three main reactions appear to be possible [29]: 

¶ The exothermic reaction of coal oxidation by oxygen directly. 

¶ The exothermic adsorption of water molecules in the coal surface. 

¶ The exothermic reaction of pyrite oxidation in the coal matrix. 

A biochemical reaction of bacteria on the coal surface has been identified that 

produces heat [71,72]. However, this mechanism will be omitted from this research 

because the heat contribution has proven to be insignificant. 
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For all the three reaction mechanisms, the concentration of oxygen is essential, but 

also the presence of pyrite and water is a key factor to develop the global phenomena 

in some specific coals. These reactions are schematized in Figure 7.   

 

Figure 7: Different reactions that release heat, which contribute to the global self-

heating process. 

The contact of coal with molecular oxygen present in the air is the main cause of 

self-heating and spontaneous combustion. This oxidation phenomenon takes place 

immediately when coal is extracted from seams and comes into contact with air. 

Oxidation is a complex process that involves several steps and in some cases 

different reaction pathways depending on the chemical characteristics of the coal 

[73]. However, it also depends on the amount of coal since heat accumulation is 

critical in various exothermic reactions. In this case, technological variables such as 

height of deposit, degree of compaction, wind speed over the deposit, length in time 

of storage, and the lateral angles of the piles also play an important role in 

facilitating the heat accumulation [74]. All these factors combined are present during 

the transport and processing of the material, and they can encourage the development 

of the reaction.  
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2.2.1 Variables involved in the self-heating of coal 

Several variables have been identified to be related to the self-heating of coal [29,73]. 

The most important ones are the dependency on the oxygen concentration and the 

temperature. The reaction is also significantly affected by the presence of water, 

particular minerals, and the particle surface area. All these variables have a strong 

influence on both the intrinsic reactivity and the global rate of the reaction. Most of 

these are considered in the different proposed mechanisms and in subsequent 

kinetics parameters associated with the self-heating phenomena. However, there is 

also a set of secondary variables from which the reaction has some dependency, but 

these are considered to be less significant. The variables identified in the literature 

are discussed below. 

2.2.1.1 Temperature  

Work on coal self-oxidation [75,76,77] has identified temperature as one of the most 

relevant parameters with a direct impact on the rate of reaction. For all chemical 

reactions involved in the self-heating process (exothermic and endothermic), it is 

common to use the Arrhenius equation to describe the dependency of the rate of the 

reaction with the temperature, which depends exponentially on this parameter [76]. 

This variable also has an effect on some secondary processes such as rate of oxygen 

diffusion through the coal matrix [78]; the adsorption of oxygen and water; and 

desorption and diffusion of products from the coal surface [75,77].  

The temperature profiles in a coal pile are established by internal and external 

changes. First, it is affected mainly by internal conditions, such as the heat released 

by exothermic chemical reactions; and by physical phenomenon such as adsorption 

of vapours in the coal surface [79]. Also, there are some external parameters that 

affect the coal bed temperature such as the incidence of solar radiation [80]. Solar 
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radiation has not being studied deeply; however theoretical calculations have shown 

that this factor depends on the time of year but can be relevant [80]. 

2.2.1.2 Concentration of oxygen in the surface of coal particles 

The concentration of oxygen is a critical factor and the main cause of spontaneous 

combustion, as some researchers have demonstrated [81,82]. The rate of the coal 

oxidation is directly proportional to the partial pressure of the oxygen in the surface 

of particles [83]. However, at the same time as oxygen is adsorbed in the coal, the 

active sites available for the adsorption are gradually reduced leading to saturation, 

which shifts the ignition point towards higher temperatures [84]. Oxygen 

concentration is also important for the secondary reactions that can lead to an 

indirect self-heating process, such as pyrite oxidation [61,62] and water adsorption 

(reviewed in Figure 7) [85]. For these reasons, the experimental measurement of 

oxygen consumption has been used as one of the early variables to estimate the 

propensity of a coal to spontaneous combust [28]. This parameter is still used to 

measure the oxidation ability of coals [86]. 

2.2.1.3 Moisture content in the coal sample 

As a hygroscopic material, coal has a natural affinity to absorb water. For freshly 

mined coal, the inherent water content is proportional to the coal maturation reached 

during its geological formation (Figure 1) [2]. Depending on this, water can be found 

in three different phases: free moisture, loosely bound moisture, and tightly bound 

moisture (chemically bound moisture is not included), requiring different amounts of 

energy to be removed from the coal surface [87]. The original inherent water content 

can produce a dual effect in the coal oxidation: A) inhibition by the obstruction of 

pores and active sites available for the oxidation reaction [88], resulting in a cooling 

effect from the water desorption [68,85]; or B) enhancing the oxidation process by 
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acting as a catalyst [89]. The competition between these phenomena will determine 

the net amount of heat released. The different mechanisms in which inherent water 

plays a role are explained in Section 2.3.2. 

2.2.1.4 Atmospheric moisture 

When coal interacts with the atmosphere, water can be adsorbed or desorbed to reach 

equilibrium with environmental conditions. The physical adsorption of water in the 

coal particles is an exothermic process that releases heat in the order of 44.4kJ mol
-1
 

(described in Section 2.3.2) [90]. The ability for coal to absorb moisture depends on 

the porosity and internal surface area, which also depends on coal rank i.e. higher 

surface areas for low rank coals [88]. When this phenomenon takes place and the 

evolved heat is not released, the temperature of the coal bed can rise and lead to a 

chain oxidation reaction [90]. For this reason, the relative humidity of the air is a 

significant variable in the process [79].  

2.2.1.5 Mineral content of coal 

Mineral content can have a dual effect in the self-heating phenomenon. With regard 

to self-oxidation, it has been found that some mineral can act as a catalyst enhancing 

the reaction [91,92]. It is not just pyrites that can releases heat during oxidation, but 

also some minerals such as calcium carbonate, NaAc, KAc [92], and Cu(Ac)2 [93]. 

This can reduce considerably the barrier imposed by the activation energy, even if 

their concentration is small (usually in the range of 1 to 5%) [92]. Conversely, when 

the concentration of minerals in the coal matrix is higher, they can act as an inhibitor 

in the reaction, blocking the active sites and acting as a heat sink. This phenomenon 

usually occurs when the mineral content is above 5%wt [94], with the exception of 

some minerals that directly inhibit the reaction, such as KCl, NaCl [92], CaCl2, and 

Mg(Ac)2 [93]. The total mineral concentration is normally calculated as the residue 
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remaining after burn out, and the inhibitor effect is independent on the chemical 

composition of the minerals when their concentration is higher than 10%wt [94]. 

2.2.1.6 Size of coal particles 

The effect of particle size has been studied by several researchers [95,96,97]. These 

studies have taken a range of sizes from pulverized coal particles (where 75% is less 

than 75µm), to lumps of several centimetres. The smallest particle sizes produce the 

maximum external surface area producing an increase in the rate of oxygen 

consumption [97], as shown in Figure 8. This increase in the external surface 

accompanying the reduction of particle size is of minor significance, compared to the 

increase in accessible internal surface, which is related directly to the self-oxidation 

reaction [98]. A maximum point is reached when kinetic control is achieved, 

particularly for particle sizes in the range below 500 to 100µm [99].  

 

Figure 8: Typical trend used to exemplify the role of particle size in the different 

stages of the reaction rate of coal oxidation [100]. 

2.2.1.7 Porosity and internal surface area of coal particles 

Surface area is relevant to the progress of the reaction, as explained in the previous 

section [97,78]. The main contribution to this comes from the internal porosity 
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structure of the coal, specifically from the microporous region (pore diameter less 

than 2nm), which for coals provides a considerably larger area than the macro porous 

structure (pore diameter greater than 50nm) [2]. This porosity is usually a 

consequence of an uncompleted geological process. For instance, it is understood 

that brown coals (lignite, low rank) have higher propensity for spontaneous 

combustion [101,89]. This is explained mainly through the high surface area 

available in this kind of coal, which provides a large number of active sites which 

can react with oxygen, and also because these sites are able to absorb moisture [102]. 

Other contributory factors include higher initial volatile and water content, compared 

to other types of coal (Figure 1). 

2.2.1.8 Proportion of maceral components presented in coal 

Maceral composition is analogous to the term ñmineral compositionò. However, 

these are carbon structures formed by the original plant material during 

carbonization [1]. There are several maceral groups, but commonly the most 

frequent are three:  

a) Vitrinite : formed by cellular walls or woody tissue of plant material. It has 

high calorific value and high volatile content, and normally it is the most 

abundant component of coal (50-90%) [1,2];  

b) Lip tinite: it is produced from spores, pollen, waxy and resinous parts of the 

plants. It has a lower calorific value but a high volatile content, being fluorescent 

under ultraviolet light. Normally, it is around 1-15% of the coal matrix ï 

depending on origin and rank [1,2];  

c) Inertinite : comes from material strongly altered and degraded during the coal 

formation. It has low volatile content and high calorific value, varying from 5 to 

40% [1,2].       
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The influence of maceral composition in the spontaneous combustion phenomena is 

not well understood, since most techniques focused on thermal analysis instead of 

microscopy, but there are some reports that investigate this to some extent [69]. 

Petrography is a very common variable used to quantify the reactivity of coals by 

power stations, because it has been demonstrated that each singular maceral group 

has a particular combustion characteristic, and degree of reactivity [103,104]. 

2.2.1.9 Coal rank or vitrinite light reflectance 

Coal rank can be defined as the degree of coalification reached by the carbonaceous 

material through the metamorphism [2,3]. This property can be measured through 

the reflection of the light, usually focussing on the light of the vitrinite maceral to 

suggest the maturity and the crystal structure of the coal matrix [105]. For instance, 

low coal rank such as peat and brown coal has a low rank value due to its high 

porosity and structural isotropy, which means that most of the light directed to the 

sample is captured by the porous structure. High rank coals such as anthracites and 

coke have high reflectance values, since most of the light is reflected because of 

highly developed anisotropy and a well ordered aromatic carbon structure. At the 

same time, the crystal structure has a direct relationship with reactivity. Low rank 

coals are more reactive than higher rank coals, which have a lower porosity, a lower 

adsorption capacity and reduced water content [2]. 

This parameter also has been substantially used by the coal industry as one of the 

main indicators of propensity to spontaneous combustion [75]. In this case, low rank 

coals share some critical variables such as high porosity and surface area; it has an 

affinity to absorb water; a high volatile content; and a high vitrinite and liptinite 

content [101]. However, there are cases where rank is high and the reactivity (or 

propensity) remains high as well [106]. A low rank coal with a high water content 
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and porous structure can be completely saturated making the coal relatively 

unreactive [88].   

2.2.1.10 Density of the sample (weight change) 

This variable is generally used by the coal industry to estimate the rate of the 

combustion reaction, reactivity, and the distributions of compounds such as moisture, 

volatiles, fixed carbon and ash content [107]. However, this has not been used to 

estimate the coals propensity to spontaneously combust. Just a few researchers have 

tried to link this parameter to the spontaneous combustion behaviour [108,109]. 

From these works, there is evidence that weight loss is directly connected to the 

volatile release when oxidation occurs at low temperatures [108]. However, their 

results are inaccurate, not showing a conclusive trend. Preliminary research has 

shown that it is possible to implement a thermogravimetric program to quantify the 

rate of the oxidation reaction and the oxygen adsorption in coals [109].  

2.2.1.11 Volatile content and chemical composition of coal 

Each coal is unique in terms of its chemical composition. The difference in their 

chemical attributes can provide valuable information about the potential reactions 

that a coal sample can undergo. These differences act as a ófingerprintô of coals 

before, during and after the oxidation. In coal fire research, there are several 

experimental procedures that can quantify chemical composition such as: Gas 

Chromatography, used to calculate the composition of the gases released from seams 

[110] to monitor the rate of the reaction and the environmental impact associated 

[111]; Mass Spectrometry, used to identify compound and molecules present in coals 

prone to spontaneous combustion before and after the reaction [112]; Fourier 

Transform Infrared Spectroscopy (FTIR), used to characterize samples by detecting 

molecular groups associated to the self-oxidation reaction [113], as well as to 
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identify chemical alterations produced by weathering [114]; Ultimate Analysis (or 

Elemental Analysis), used to quantify elemental composition in terms of C, H, O, N, 

and S which form the majority of the weight of coal [115]; Proximate Analysis, used 

to quantify moisture, fixed carbon, ash and volatile content, which are usually 

estimated by thermogravimetric methods [107]. With regard to the self-oxidation 

process, the results of these experimental tests have been used successfully to 

identify the chemical reactions, to postulate mechanisms and calculate the rate of the 

reactions involved [29].  

2.3 Mechanisms, kinetics and thermodynamics of self-oxidation reactions 

In this section, the three main chemical interactions identified as the precursors of 

the spontaneous combustion of coal (Figure 7) are described. Understanding the 

mechanism and the kinetics of these reactions is fundamentally important when 

seeking to understand the spontaneous combustion process. Particularly, several 

mechanisms have been postulated to describe the different stages of the oxidation 

reaction, including the intermediate species and free radicals from which the main 

chemical changes occur. The details of these steps have been useful in suggesting the 

kinetics models that can be applied to theoretical scenarios, allowing the conversion 

and the rate of the reaction to be calculated [100]. Understanding the mechanism and 

kinetics is crucial to predict bigger systems in a variety of environmental conditions. 

These models provide useful tools in the design of transport and storage facilities, as 

well as providing information to calculate the real impact of each variable in the 

whole process (through a sensitivity analysis) [116]. However, due to the 

heterogeneous and complex chemistry of coal, the mechanisms for self-oxidation are 

still only partially understood. 
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2.3.1 Low temperature oxidation of coal by O2  

Coal oxidation at low temperatures will follow a completely different series of 

reactions from those at high temperature [2,3]. In this case the reaction takes place 

between 25 to 150
o
C without flame, in a very slow process with a slight output of 

heat. When the amounts of coal are small (in the order of grams to a couple of tons), 

the exothermic reaction produces an insignificant effect over the rate of the reaction, 

mainly because the temperature is regulated by the heat transfer to the surroundings, 

which is maximized when the reaction area is reduced [117]. However, for a large 

amount of coal (in the order of hundreds to thousands of tons), the heat transfer to 

the surroundings is reduced compared with the amount of heat produced, which 

combined with the low thermal conductivity of coal generates a significant enthalpic 

effect. This heat accumulation accelerates the rate of the reaction, finally triggering 

the thermal runaway and the high temperature combustion [118,119]. add 

The first attempts to characterize the reaction only estimated reaction rate, trying to 

establish theoretical mechanisms of oxygen absorption by coals. Parr and Kressman 

1911 [28] were the first to maintain that freshly-mined coal absorbs oxygen in a 

manner which does not result in the formation of carbon dioxide, but by direct 

incorporation into the molecular structure, particularly around unsaturated 

compounds. They observed this by analysing the gas released after an incubation 

period for a number of coal samples. In 1908 Parr & Wheeler [27] concluded that the 

absorption of oxygen by bituminous coal was initially very rapid, even at ordinary 

atmospheric temperatures. They also noticed that it was not accompanied by the 

formation of water or oxides of carbon. The rapid sorption soon gave way to slow 

but extensive absorption, in which water and the oxides of carbon appear, 

accompanied by an increase in the coal bed temperature. However, these facts did 
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not explain the reaction mechanism that leads to spontaneous combustion, and they 

gave no indication of the reason why one coal is more liable to self-heat than another. 

Porter and Ralston in 1914 [120] also observed that the reactions were primarily 

oxidation reactions, in which the oxygen first combines with the coal to form an 

ñunstable solidò, which gradually breaks down with increasing temperature, forming 

the normal gaseous oxidation products. In 1925 Davis & Byrne [66] tried to estimate 

the rate of the reaction by measuring the heat released. Schmidt and Elder [121] 

demonstrated in 1936 that the total weight of a coal sample increases when the 

adsorption of oxygen takes place, indicating that the weight of the oxygen remaining 

on the coal was greater than the weight of carbon and hydrogen that was lost as 

gaseous products. Later, the same researchers measured the characteristic oxidation 

rates of coals [121] and concluded that the speed of oxidation increased with 

increasing volatile matter content.  

After this successful development, the focus centred on improving the experimental 

techniques to calculate the rate of the reaction. Carpenter in 1964 [75,122,97,78] 

studied the effect of coal rank, temperature and the time on the rate of the oxygen 

consumption. Some of these results added to the findings of previous researchers 

[123] showing that the activation energy remained approximately constant for the 

low temperature oxidation, and confirmed that the reaction was dependent on 

temperature, in line with the Arrhenius equation. Based on the profiles of oxygen 

consumption obtained during the same work, a global mechanism was proposed that 

included three stages:  

A) The external and macro porous surface controls the rate of oxygen 

consumption. At this stage, there are combined effects: the adsorption of oxygen, 

which blocks active sites; and the creation of new actives sites due to the 
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desorption of unstable solid-solid bonds. This will produce a linear rate of oxygen 

consumption [75]. 

B) By the second stage there is a large surface available, but now it is less 

accessible. Through combined effect of adsorption and desorption, an abrupt 

decrease in the oxygen consumption occurs [75]. 

C) At this stage, there is an even less accessible surface, in which the rate of 

adsorption of the oxygen controls the rate of the reaction. However, the increase 

in temperature could allow greater quantities of oxygen to be consumed before 

the change in the reaction rate [75]. 

This explanation was supported by calculations of the order of the reaction for the 

different stages [122], which was in the range of 0.01 to 2 for six samples studied, 

depending on the concentration of the oxygen on the coal surface. However these 

conclusions were not enough to formulate a definitive mechanism. Then, in a further 

study [97] the effect of particle size was introduced (previously studied by Schmidt 

[123]) and the accessibility of the internal surface to oxygen [78]. From these results 

it was concluded that the previous reaction regimes were influenced by particle size 

through an increase in the available reactive area, when there is a reduction of this 

parameter. For particles below the range of 2000µm to 36µm they found that the 

increase in the reactive surface area had a negligible effect on the rate of the reaction, 

being chemically controlled below these limits. 

Despite all these efforts, the mechanism of the reaction is still unclear. In this context, 

one of the first to propose a molecular mechanism for the coal oxidation at low 

temperature was Marinov in 1977, who studied the changes in weight [108], 

elementary composition [124], and oxygen functional groups [82] produced by non-

isothermal exposure of coals to oxygen. These studies combined IR-spectrometry, 
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gas chromatography, microscopy and thermogravimetry, which gave a wider vision 

of the phenomenon. Two reactive regions were identified: one where the hydrogen 

content remained invariable or increased, which means a possible interaction of coal 

with water in oxygen presence [108]; and a second region, where gases are produced 

in a higher rate producing self-ignition due to exothermic decomposition. From these 

observations it was deduced that the oxidation reaction could be considered as a 

redox process, in which the aromatic part of coal acts as an oxidizing agent, 

specifically where attached hydrogen is not affected by molecular oxygen [108,82]. 

The generation and elimination of hydrogen peroxide is assumed to be a reason for 

the endothermicity at some stages of the reaction. Then, the self-ignition is due to the 

combustion of low molecular weight products initiated by aldehyde oxidation [82]. 

These two conclusions have been used as a base for the proposed theoretical 

mechanisms. In parallel to these studies, there was also an interest in the specific 

factors that influence the global process, such as the role of water molecules and the 

heat released by its adsorption [85,79] (studied in Section 2.3.2); and the changes in 

coal structure due to oxidation [125,126].  

The work of three specific research groups has been widely accepted by the 

scientific community. Each developed their own theories which have been used by 

others and thus they represent the current state of the art and they are described as 

follow: 

J. Gethner, (1980-1987) [127,128,129,130,131,132]. 

Work on FTIR analysis of coal samples [127] showed that vacuum drying methods, 

used in previous work to study isolated coal-oxygen interactions, also induced 

complex changes in the coal matrix. These changes were indicative of variations in 

internal hydrogen-bonded interactions and in the number and types of cross linked 
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bonds [129]. In the same study, there were observed reactions involving carbon-

oxygen groups, such as carboxylic acid groups changes in functionality, which 

meant an important perturbation of the organic coal reactive area after a drying 

process. From both findings, it was inferred that previous mechanistic implications 

about the low temperature oxidation reaction may not be correct, due to the alteration 

of the thermal history of the samples [128,129]. 

After these important points, the focus was to examine the mechanism. Coal samples 

were exposed to a mild thermal oxidation and subjected to FTIR analysis, which 

indicates the presence of at least three reactions, from which two are competitive 

taking place at low temperatures (Equation 1 & Equation 3, ~ 25
o
C), and one taking 

place at higher temperatures  (Equation 2, ~ 100
o
C). Two of these reactions involve 

oxygen directly (Equation 2 & Equation 3), and the third is a decarbonylation that 

proceeds in the absence of oxygen (Equation 1). The steps are described as follows 

[131]: 

Thermal pathway 

Equation 1 (Coal)-OOH Ÿ Coal + H2O + CO2 + CO   

Oxidation pathways 

Equation 2 [Coal-C=O]ǒ + O2  Ÿ  Coal + H2O + CO2 + CO 

Equation 3 Coal + O2 Ÿ [Coal-OOH] Ÿ [Coal-C=O] 

First, a variety of oxygenated carbonyl species are formed by the coal oxidation 

(Equation 3). At the same time, there is a loss of carbonyl species (Equation 1), 

which are different from those formed during reaction III (Equation 3). However, if 

they proceed during an extended period, the net change is approximately zero. Then, 

an oxidation reaction takes place due to the increase in temperature produced by 
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reaction I (Equation 1), which also interferes with reaction II (Equation 2), releasing 

CO, CO2 and water. In addition, the reactions appeared to be sensitive to the 

presence of water molecules, similar to the findings of Marinov [108,132]. Finally, it 

was concluded that the overall effect of oxidation was dependent on time, 

temperature, history and pre-treatment of the sample [131]. These developments 

complemented the work of both Marinov and Carpenter. However, there were some 

complex interrelations that still require explanation and the mechanism remains 

unclear. 

H. Wang et al (1999-2005) [99,133,134,29,100].  

Based on previous research [29,100], theoretical analysis [99,133] and experimental 

work [134], Wang et al. proposed a multi-step mechanism which considered gas 

adsorption, formation of gaseous and solids products, and thermal decomposition 

steps. The detail of the mechanism proposed starts with the chemisorption of oxygen 

molecules in the pores of the coal surface, forming a group of carbon-oxygen 

complex at temperatures between ~20 to 70
o
C. These carbon-oxygen complex were 

classified in three groups: unstable (peroxygen, hydroperoxide and hydroxyl species); 

stable (carbonyl or carboxyl-containing species); and unreactives (humic acids) [29]. 

Then, when a slightly higher temperature is reached (~50 to 70
o
C), these oxygenated 

complexes undergo a thermal decomposition. The last reaction evolves in parallel to 

a direct reaction of coal oxidation, which also contributes to the emission of carbon 

oxides [100].   The reaction of the solid carbon-oxygen complex also could create 

new stable solid products, which can be decomposed at temperatures higher than 

70
o
C, leaving available new active sites to be used by the reaction as shown in 

Figure 9 [100].  
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Figure 9: Potential pathways followed by the coal oxidation reaction. Proposed by 

Wang et al. 2003 [100]. 

The mechanism proposed by Wang is similar to that proposed by Gethner in 1984 

[132]. However, from previous work a more detailed approach to the chemisorption 

sequence was introduced, which could explain the role of water molecules. This 

sequence also explains why other species are detected, and how the reaction 

regenerates the active sites, liberating carbon oxides. This process may also be 

catalysed by water molecules. The whole sequence is presented in Figure 10, in 

which Rǒ represent the radical that starts the chain reaction [100].  

 

Figure 10: Mechanism of the chemisorption sequence proposed by Wang [100]. 
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Finally, Wang suggested that two parallel reactions sequences contributed to the 

emission of carbon oxides during oxidation (as shown in Figure 11); however, 

depending on the particle size and the porosity of the coal, the reaction is controlled 

by continuing diffusion for reactive coal, or kinetically controlled for less reactive 

coal [29].  

 

Figure 11: Different stages for the emission of CO2 and CO during the coal oxidation 

at low temperature. Wang et al. 2003 [29]. 

After the contribution of Wang and co-workers, no further experimental advances 

have been reported about the mechanism. However, some theoretical work has been 

produced in which algorithms of Molecular Dynamics were used to demonstrate 

previous findings and explore potential unknown pathways. One of these is 

described as follows: 

T. Shi et al (2005) [135] 

Shi et al. recently investigated the mechanism of oxidation at room temperature 

using quantum chemical methods. A model of coal surface in which the reactions 

take place was proposed, simulating eight types of active groups connected to one or 
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two aromatic rings linked to the surface. Afterwards, the mechanism of oxidation of 

all these components was simulated by density functional theory (DFT) and ONIOM 

methods (stands for our own n-layered integrated molecular orbital and molecular 

mechanics); both programmed using numerical software. The simulation provided 

useful information about the activation energy of each component selected and the 

potential oxidation reactions that it could suffer. It also provided information about 

coal structure and thermodynamic data associated with these reactions. For 

theoretical applications, coal was replaced by a single aromatic ring, considered 

stable and unreactive during the oxidation. It was also considered that the oxidation 

reaction takes place between actives groups and oxygen. The active groups used in 

this research are presented in Table 1. 

Table 1: Model of coal molecules used in the simulation [135] 

 

æH=-18.65 kJ/mol æH=21.3 kJ/mol æH=-31.35 kJ/mol æH=66.2 kJ/mol 

 

æH=-14.94kJ/mol æH=-125.55kJ/mol æH=-30.20kJ/mol æH=-17.77kJ/mol 

 

From the results obtained, it was demonstrated that the assumption of replacing the 

coal matrix by phenyl groups did not have any influence on the oxidation of active 

groups. Then, based on the activation energies and the Gibbs free energy calculated, 

six of the eight compounds were found to react spontaneously with the atmospheric 

oxygen at room temperature. In addition, the opposite scenario where the reverse 
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reaction is prohibited at room temperature was assumed. Finally, the six spontaneous 

reactions were found to be exothermic. According to these results, it was possible to 

establish an order of reactivity between active groups (Table 1) as follows: (R7)> 

(R3)> (R8)> (R6)> (R1)> (R2)> (R4)> (R5), in which reaction 2 and 4 are 

endothermic. 

However, there was some criticism about this work. First, none of the reactions 

studied produces carbon monoxide, a product found in previous experimental 

research. Secondly, reactions 2 and 4 were not found to be spontaneous at room 

temperature and endothermic; however, these are the main reactions proposed by 

Wang [100], Clemens [89] and Petit [136], as responsible for the self-heating. The 

mechanisms reviewed are summarized in Table 2. 

Table 2: Summary of mechanisms proposed for coal self-oxidation. 

Research group Mechanism Technique used Range T 

Carpenter et al 

(1964) 

[75,122,97,78] 

multi-step 

(3 steps) 

Gas chromatography, FT-IR, 

reactor designed to measure 

oxygen consumption 

25-150
o
C 

J. Gethner, 

(1982-1987) 

[127,128,129,130,13

1,132]. 

multi-step 

(3 reactions, in 2 

series) 

FT-IR 25-100
o
C 

H. Wang et al 

(1999-2005) 

[99,133,134,29,100] 

multi-step 

(2 parallel reactions 

sequences) 

Gas chromatography & FT-

IR (gas emission of coal bed, 

isothermal reactor) 

25-100
o
C 

T. Shi et al (2005) 

[135] 

multi-step 

(eight reactions) 
Computational chemistry 

Start at room 

temperature 
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2.3.2 Physical and chemical interactions between coal and water  

Water can interact with coal in several ways [98,88], but none of these includes a 

direct chemical reaction. These interactions are linked to the self-heating process in 

three different ways: A) by the heat produced from the physical processes of sorption 

and desorption in the coal surface; B) by a catalytic function in the low temperature 

oxidation reaction of coal by oxygen; and C) by blocking porous and actives sites 

available for the main oxidation reaction, producing an inhibitory effect in the 

thermal runaway.  

2.3.2.1 Heat produced by adsorption and desorption of water 

A) Moisture adsorption (enhancing self-heating)  

The adsorption of moisture in coal has been identified as a major source of the heat 

that is responsible for the thermal runaway [79]. It is a physical phenomenon 

produced when water molecules in a liquid or vapour phase are deposited in the 

pores of the coal matrix by electrostatic forces. This is a spontaneous and exothermic 

process, with a net enthalpy of adsorption of 44.35kJ mol
-1

 [90], when considering 

just the adsorption phenomenon itself. Regarding the global self-heating process, 

there is a difference in the total heat contribution depending on whether the 

adsorption of water takes place in a liquid or in vapour phase. When liquid water is 

absorbed, the heat released is in part captured by the water, which has a high 

calorific capacity producing just a slight rise in temperature in the coal bed, because 

heat is accumulated in part by the fluid. 

However, the thermal behaviour of the global process differs considerably when 

water molecules are adsorbed in a vapour phase [79]. In this case, it is added to the 

heat of adsorption (44.35kJ mol
-1

) the latent heat of condensation of water (40.65kJ 

mol
-1

), resulting in a total contribution of 85kJ mol
-1

, twice as high as with liquid 
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adsorption. It was found that this phenomenon is much more significant with low 

rank coals due to their higher internal surface area [89]. Additionally, this heat is 

released directly to the coal because the mass of water vapour available to capture 

the heat is negligible compared to the adsorption process with liquid water. Vapour 

adsorption produces a considerable increase in the coal bed temperature, which is 

enough to start the chain of the spontaneous combustion reaction [79]. The heat 

released in this case is even higher than the net heat contribution produced by the 

direct coal oxidation reaction. It means that the coals capacity to adsorb water or 

moisture, and the heat released in this process are key variables when assessing a 

coal ability to self-heat. 

B) Moisture desorption (inhibiting self-heating)   

In contrast to the adsorption of water, an opposite thermal effect is produced when 

moisture is desorbed from the coal matrix [85]. In this case, the process needs an 

energy input since this phenomenon is endothermic, which is different to the 

adsorption value due to the hysteresis of the process. In this case, the energy 

requirement is in the order of 11.9 to 14 mol
-1 

[137], when the moisture is released as 

vapour. If the water in the coal matrix is liquid, then the total heat requirement is 

even higher because the heat of vaporisation must be included. Overall, this process 

produces a cooling of the coal bed, which also acts as a heat sink from the parallel 

reaction of coal oxidation by molecular oxygen, allowing natural weathering but 

inhibiting the thermal runaway [68]. 

2.3.2.2 Catalytic effects produced by water in the chemical interaction between 

coal and oxygen 

Besides the direct enthalpic contribution produced by adsorption and desorption, 

water molecules also catalyse the direct oxidation of coal by air. This idea is derived 
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from the coal-oxygen complex theory from which water affects the nature of the 

radical sites where oxidation occurs [29]. This contributes to the generation of 

peroxi-radicals and the generation of oxygenated solid complex, which are later 

desorbed from the coal surface and decomposed by aerial oxidation releasing a large 

amount of heat [89].  

This mechanism is complex and still creates disagreements between scientists. Some 

researchers maintain that the catalytic action is carried out by physically and 

chemically adsorbed water (surface wetting) instead of water vapour present in the 

gas phase [138]. Others have shown experimentally that some coals show a large 

increase in temperature when exposed to moist oxygen instead of dry oxygen, 

attributing this effect to the moisture present in the gas; however, for this process it 

is not clear if the vapour is adsorbed on the coal surface first [139]. Finally, it also 

has been agreed that water affects the nature of the radical sites in which the 

oxidation takes place [138], which also produces an alteration of the normal thermal 

behaviour of the direct coal oxidation by molecular oxygen [88].  

2.3.2.3 Inhibitory effects produced by water saturation of the active sites 

It is possible to identify two inhibitory effects produced by water. The first relates to 

the residual liquid water deposited in capillary cavities into the coal matrix. This 

water inhibits the oxidation process by hindering access to reactive sites, and then 

delaying the contact between molecular oxygen and coal. The oxygen needs to be 

dissolved first and then transported through the water, presenting a low mass 

diffusion in this liquid [88]. Considering the case that oxygen finally reacts with the 

coal surface, water also dissipates the heat produced by the oxidation reaction [89], 

when moisture content in coal is extremely high (above 20%). The second case is 

produced when coal has been extensively exposed to air and water, reaching 
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saturation on the surface reducing the natural oxidation process to a minimum. Since 

there are not enough active sites to react, the coal cannot produce a significant 

thermal response that could lead to a thermal runaway [140]. Table 3 presents a 

summary of all the interactions studied. 

Table 3: Summary of water-coal interactions effecting thermal runaway 

Reference Interaction 
Effect in the 

self-heating 
Description 

[79,88,141,142] 
Adsorption of water in 

the coal surface 
enhancing 

Net heat release, increasing 

temperature of coal bed 

[89,138] 
Catalytic effect in 

oxidation reaction 
enhancing 

Reducing activation energy 

and acting as intermediary 

[89,88] 

Saturation of coal 

porous with water 

molecules 

inhibiting 

Blocking porous and access 

to active sites for oxygen 

molecules 

[68,85,89,140] 
Desorption of water in 

the coal surface 
inhibiting 

Net heat absorption 

producing a cooling effect 

in the coal bed 

 

2.3.3 Reaction of pyrite oxidation 

A secondary reaction produced by the oxidation of pyrites by oxygen has also been 

suggested as one contributor to the self-heating of coal [143,61,63]. Pyrites (FeS2) 

are present in coals in different mineral formations such as cubic yellow pyrites and 

rhombic marcasite, in different morphologic forms [144]. In some extreme cases 

pyrite content can exceed 12%wt; however, in most cases where coal is utilized it 

range from 0.1 to 5%.  Chemically, these minerals are oxidized by oxygen and water 

through an exothermic reaction that releases 661.07kJ mol
-1
 for mol of FeS2, or 

16.74 Joules per ml of oxygen consumed [25].  
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It has been found that the global rate of the reaction is similar for both types of 

minerals; however, there are discrepancies among researchers about the reaction 

mechanism. In general terms, the chemical reaction of pyrite oxidation can be 

described as: 

Equation 4 2 FeS2 + 7O2 +16 H2O Ÿ 2H2SO4 + 2FeSO4·7H2O 

This reaction produces a set of products with a higher volume than the initial 

reactants, which contribute to the fragmentation of coal, exposing a greater surface 

area to the air thus accelerating the reaction [25]. The self-heating process is 

maximized through pyrite oxidation when found in a concentration between 5 to 

10%. Concentration greater than 10% or lower than 5% produces a negligible effect 

in coal self-heating [145]. Nowadays, this problem has been minimized at power 

stations and in the coal industry through the targeting of coal with low pyrite 

concentrations, mainly due to the strict environmental regulations for the abatement 

of SO2 emissions. For this reason, scientific efforts have mainly concentrated on the 

interactions of coal-water and coal-air. 

2.4 Methods developed for detection and quantification of spontaneous 

combustion of coal 

After the study of the variables and reactions involved, a considerable number of 

methods have been created to detect or estimate the degree of oxidation that a coal 

can suffer. From these, the most common approaches are using thermal analysis, 

considering micro and macro scale experiments. These tests are based on the net 

amount of heat released by the sample, and the dependence of specific parameters to 

the temperature. Later, other methods have been introduced considering optical 

parameters (e.g. microscopy and rank analysis [105]) which provide an idea of the 

crystal structure of the carbon matrix that is associated directly to the reactivity of 
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the fuel. Finally, there are some miscellaneous methods that consider a set of less 

conventional parameters such as gas concentration. 

2.4.1 Thermal methods to estimate self-oxidation potential of coals 

The common approaches used to predict the spontaneous combustion phenomena are 

based on thermal analysis [146]. In this case, the main laboratory techniques based 

on the direct temperature measurement to estimate reactive properties include 

Differential Thermal Analysis (DTA), Calorimetry, Differential Scanner Calorimeter 

(DSC), isothermal reactors, and adiabatic reactors. In addition, gas composition 

analyses are used to obtain information about gaseous reactants, intermediaries and 

products present before, during and after the oxidation reaction. From these, the most 

important laboratory techniques are Fourier-transform infrared spectroscopy (FTIR), 

Gas chromatography (GC) and Mass spectrometry (MS).  

2.4.1.1 Methods for testing intrinsic properties of coals 

In this section, a number of thermal tests used to measure the intrinsic properties of 

coals are described. The main characteristic of these tests is the analysis of a small 

sample mass (in the order of milligrams to grams).  

A) Differential Thermal Analysis (DTA):  This technique has been used 

extensively to characterize thermal changes in coal samples. However, there are just 

a few reports in which it is used directly to assess low temperature oxidation. The 

usual experimental procedure of DTA exposes coals to a steady heating rate, 

measuring the temperature difference between the sample and a reference material 

heated under same conditions. Then, the difference is used to observe the heat 

evolution of the sample, which relate to the potential chemical reactions that are 

occurring. This method have been used by Banerjee et al. 1967 [147], Marinov 1977 

[108,82], Gouws et al. 1989 [148,149], Pis et al. 1996 [150], and in all cases only 
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using a small amount of sample (Ò20mg). Some of the results obtained from these 

researchers showed that the thermogram can be divided into three different stages 

during the heating process [147]. The first stage has been associated to the 

endothermic releases of moisture from the coal sample. Then, the second stage is 

slightly exothermic relating to the beginning of the oxidation process. From this 

stage, it has been concluded that the slope is lower for coals with lower propensity to 

spontaneous combustion [148]. The third stage is highly exothermic and it has been 

linked to the main combustion phenomena that coal can undergo. The last stage has 

not been used to infer properties relating to the self-heating process. In Figure 12, a 

typical thermogram obtained by DTA is presented. 

 

Figure 12: A typical thermogram from a DTA showing the three main regions 

present during the low temperature oxidation of coal. Extracted from [148]. 

A standard procedure has been proposed to identify coals prone to spontaneous 

combustion using this technique [149]. From the characteristics of the thermogram it 

is possible to calculate the slopes of each segment. These slopes can be considered as 

a simple index of propensity, but also useful to introduce a mathematical correction 
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to the crossing point method (reviewed in Section 2.4.1.2) creating a composite 

index. However, both indices obtained from this technique have been severely 

criticized, since they produced contradictory predictions of coal self-heating 

potential [149]. 

B) Differential Scanner Calorimetry  (DSC): The coal sample and a reference 

material are heated under the same thermal conditions for the same period of time, 

allowing the difference in energy emitted from each crucible. In this case, the 

difference between the amount of heat needed to increase the temperature of the 

sample, and the amount of heat necessary to raise the temperature of a reference 

material is measured as a function of temperature [151]. Consequently, any 

difference is therefore directly as a result of physical or chemical transformations 

taking place. 

Reports in the literature about this technique are scarce (Garcia et al. [152], Sahu 

[153], Mohalik et al. [154,155]). In these, a clear experimental procedure for coal 

assessment is not defined. Also, the reliability of these are questionable for several 

reasons: the range of temperature in which the experiments have been carried out (20 

to 1000
o
C) [152] (Figure 13); and the use of raw curves without the subtraction of 

the environmental noise [154,155]. These issues introduce problems in the analysis 

and in the sensitivity of the results. Despite all these criticisms, it could be feasible to 

establish a systematic way to predict propensity using this instrument, which is an 

important issue for future research. 
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Figure 13: A typical DSC profile obtained for coal [152]. As can be seen, the areas a, 

b and c are discussed by the author as stages of the self-oxidation phenomena, which 

contradicts the temperature range proposed by previous researchers [100]. 

C) Thermogravimetric Analysis (TGA):  This technique is widely used to 

characterize coal samples by the coal industry, especially when obtaining reactivity 

data and compositional characteristics [107]. For fire research, this instrument has 

allowed the measurement of parameters such as reactivity of coal in air at low 

temperature, under different heating and atmospheric conditions [156,108,82], as 

well as some basic properties such as volatile content, mineral and moisture content, 

and fixed carbon [107]. However, this technique has not been used to quantify the 

propensity of coals to spontaneous combustion directly, since it is argued that the 

reaction is too slight to be detected by the instrument [29].  

Some TGA experiments have shown a link between weight loss and the self heating 

behaviour of coal [108,82,157,156]. Researchers reported the increase of weight of 

the sample between 20 to 300
o
C when it is exposed to a heating ramp [108]. 

However, this approach has some issues relating sampling scale, which was in the 

order of grams. When an attempt was made to reduce the sample weight to 

micrograms, the accuracy of the results was dramatically reduced by the sampling 
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noise generated by the instrument. The findings reported in this work were 

confirmed by other techniques (e.g. FT-IR, GC-MS), but not yet confirmed using a 

TGA with a higher sensitivity. 

Another thermogravimetric analysis reported was exposing coals to a constant 

heating rate (5
o
C min

-1
) under different oxygen concentrations (Figure 14) [158]. As 

can be seen from the graph, the temperature range has no relation to the ranges 

proposed by previous researchers [100]. Also, the resolution of the curves between 

20 to 300
o
C is reduced, making it impossible to detect any anomalous behaviour 

during the low temperature process. 

 

Figure 14: TGA profiles obtained for a coal sample exposed to a constant heating 

rate under different oxygen concentrations [158]. 

2.4.1.2 Large sample size experiments to evaluate self-heating potential of coals 

These tests have been designed to measure properties exhibited in large systems, 

which have a relationship to the global process of thermal runaway. In these cases, 

the phenomenon is controlled by heat and mass transfer interactions present in a 

large scale deposits. The most frequent parameters measured are temperature, the 
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heat released, and the gas emissions accompanying a natural or induced oxidation 

process.  

A) Adiabatic Oxidation test: This was one of the first methods reported in literature 

to assess spontaneous combustion liability [66]. This simulates the thermal runaway 

by eliminating the heat loss to the environment produced by the coal oxidation. 

Usually, the experimental procedure deposits a coal sample in a thermally isolated 

sample holder that is submerged in a thermal bath, in which the temperature is 

adjusted periodically to follow the temperature rise in the centre of the sample holder. 

The air flow passing through the sample is also adjusted to minimize the heat loss, 

and to provide enough fresh oxygen to react with the coal sample. Finally, the 

subsequent temperature response depends of the initial temperature of the sample 

[159]. The initial temperature is adjusted depending of the original conditions of 

coals studied (freshly mined or pre-oxidized samples), having in common a starting 

value of 40
o
C [159,160]. Figure 15 shows a typical result [161]. 

 

Figure 15: Self-heating curves obtained from adiabatic oxidation test for New 

Zealand coals. Adapted from Beamish [161]. 

There are technical issues regarding the implementation of this test. First, these tests 

can take several hours [159] or several days [160], depending on the reactivity and 
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the amount of sample used. Secondly, as the heat release is almost imperceptible, 

there are technical problems in the adjustment of temperature in the thermal bath and 

in the measurement of the heat loss. The standardization of the test is another 

problem because it has been implemented using considerably different parameters 

such as different reactor sizes, diverse particle sizes, and air flows, which have a 

major impact on the results obtained. 

From this test, an experimental index called ñSelf-heating rate test R70ò was 

developed [160,161]. This index has been used mainly by the coal industry in 

Australia. It is defined as the reciprocal of the time taken for the sample to reach 

70
o
C in an adiabatic oven from a starting point of 40

o
C. In practical terms, it is the 

slope obtained from the graph ñtemperature vs timeò between 40 to 70
o
C, 

representing a critical heating rate of the sample (Figure 16). Reference values of this 

index are: at <0.5
o
C h

-1
, coals are considered as safe; between 0.5

o
C h

-1 
to 0.8

o
C h

-1
, 

coals are considered of medium risk; and at >0.8
o
C h

-1
, coals are considered prone to 

self-heating. 

 

Figure 16: Self-heating rate R70 Index for a New Zealand coal sample [161]. 

The adiabatic oxidation test has been used by Davis 1925 [66], Shonhardt et al 1984 

[162], Gouws et al. 1991 [163], Ren et al. 1999 [159], Beamish et al. [160,161,164], 
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Nordon 1985 [165], Humphreys 1981 [166], and Vance et al. 1996 [139]; in a mass 

range from 100g to 10kg. 

B) Frank-Kamenetskii method: This method is an application derived from the 

Frank-Kamenetskii theory of self-heating of materials [30]. The general theory is a 

mathematical model deduced from a mass and energy balance applied to an idealized 

slab of coal. The differential equation obtained from the energy balance is: 

Equation 5  ”ϽὅὴϽ ‗ ή 

In which ɟ is the density of the material; Cp is the heat capacity; ɚ is the thermal 

conductivity, and  ήǋ is the heat generated by the reaction. A stationary solution of 

this equation provides the temperature profiles in the material:  

Equation 6   ‗ ήǋ  

For this equation, Frank-Kamenetskii found a stationary solution when the balance is 

applied to a material prone to self-heating. In this case, Equation 6 can be expressed 

as: 

Equation 7  ήǋ ЎὌ Ͻ”ϽὃϽὩ   

In which æHrx is the heat of the reaction and the group ὃϽὩ  is the 

dependency of the reaction with the temperature. Applying border conditions to a 

slab of size L, and some assumptions related to the self-ignition process, it has been 

defined the Frank-Kamenetskii parameter ŭ [30]: 

Equation 8  ‏
Ў ϽϽ

Ͻ
Ͻ

Ͻ
Ὡ Ͻ   

In which To is the ambient temperature. As can be seen from (Equation 8), the 

parameter ŭ is a dimensionless number, which depends on the geometry of the 
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system and it represents the ratio between the heat generated by the reaction 

(numerator) and the heat diffusivity of the system (denominator). Depending of the 

system geometry, it is possible to calculate a critical value of this parameter (ŭc), 

causing three different situations: A) ŭ < ŭc, in this case the reaction cannot reach the 

self-ignition temperature, and the heat dissipation is faster than the heat produced by 

the reaction; B) ŭ å ŭc, this is the critical condition of equilibrium between the heat 

produced and the heat dissipated; and C) ŭ > ŭc, in this case the heat produced by the 

reaction exceeds the rate of heat dissipation, and thermal runaway occurs. The 

Frank-Kamenetskii parameter (ŭ) has been used as a tool to predict self-ignition 

temperatures of different materials as reactive powders [167], waste and 

carbonaceous deposits [168], and coal [101,169]. 

C) The Heating Basket method (particular application of the Frank-Kamenetskii 

method in coals): The Frank-Kamenetskii model also has been applied for the coal 

self-heating phenomena. In this case, several reports exist [101,170,76], which have 

adapted the theoretical conditions to laboratory scale facilities in order to determine 

the coal propensity. This has been the base for the experimental ñHeating Basket 

methodò proposed in the work of Jones 1999 [170], from which the normal 

procedure can be described as follow: 

¶ A specific volume for the coal sample is defined, which is a cube of 3m length 

per side. For this volume is considered To=50
o
C as a critical temperature.  

¶ For this specific geometry, the ŭc parameter is calculated to be 2.57. 

¶ Then, using the Equation 8, To and ŭc, the To
2
 is calculated for a cube of 10cm 

to be 140
o
C. 

¶ Finally the cube is introduced in an oven at 140
o
C for a period of time, and it is 

observed whether there is ignition.  
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The theoretical basis of this method has been applied to several engineering 

problems. However, it is not commonly used to predict the self oxidation of coal due 

to several technical issues. First, ŭ and ŭc are very sensitive to the activation energy 

and the pre-exponential kinetic factor, the heat diffusivity, the heat capacity, the 

sample density and the heat of the reaction, which are difficult to calculate or 

measure. Second, the value ŭc is often considered constant and independent of the 

coal sample, as can be seen from the work of Jones [101,170,169]. However, ŭc was 

originally obtained by using the kinetic and thermal parameters of an arbitrary coal 

sample. This means that the ñtendencyò to self-heating from this method is relative 

to a single and arbitrary coal sample. 

A general criticism associated with this test and the Frank-Kamenetskii theory is 

around its theoretical basis. In relation to the prediction of coal self-heating, the 

model does not consider important factors such as the catalytic activity of species 

involved or generated during the process (water and pyrite for instance), the latent 

heat of vaporization or condensation generated by some components in the system, 

and the presence of complex reactions, which depend on the heat evolution of the 

whole process. In addition, the role of water in the coal oxidation process is not 

considered in the model, where the moisture is transported through the porous matrix 

of coal. This could have serious consequences on the predictions, because this 

dictates the adsorption and desorption rates and the subsequent heat release from 

these interactions. Finally, the implementation of this test also requires long 

experimental periods to find the critical temperatures in which the ignition takes 

place. All these factors made this test less desirable to the coal industry. 

D) Isothermal oven or Isothermal reactor testing: In this test, a coal sample is 

placed in an oven at a certain constant temperature, and the time that it takes to reach 
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the thermal runaway is measured. If the experiment fails and there is not thermal 

runaway after a preset period of time, the temperature in the oven is increased to a 

predetermined value. Then, the experiment is repeated sequentially to find a 

temperature when the thermal runaway starts within the specific period of time 

[92,146,171]. This test could be considered as a practical modification of the Frank-

Kamenetskii test method, since both share the same theoretical base; however, it was 

developed independently from this previous test. An example of this is presented in 

Figure 17. 

 

Figure 17: Experimental results from an isothermal reactor test. In this case, the 

critical temperature was 155
o
C [92]. 

Considering the scarce number of reports about this test, this can be considered as a 

non conventional testing procedure, probably due to the technical issues that arise 

during its application and interpretation. The first criticism is about the preset period 

of time to increase the oven temperature, which is in the order of days, considerably 

short compared to the natural time of the thermal runaway (weeks to months). 

Second, the size of the reactor and the size of the sample basket used are arbitrary, 

which explain the considerable differences between different experiments reported 

[92]. In addition, the critical temperatures from this test are very different from those 
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obtained by alternative methods, being closer to the self-ignition temperature rather 

than a critical self-heating temperature.  

E) Crossing-point temperature method (CPT): This method shares several aspects 

with the Frank-Kamenetskii method, since this is based on the heat and mass 

balances applied to a reactive system, but considering the non-stationary solution of 

the mathematical problem. Two different experimental approaches have been 

reported:  

E.1) Classic CPT method (early development ~1900): This method is a simplified 

experimental procedure to assess coal reactivity [25,172,173,174,175]. 

Experimentally, a coal sample is placed into a symmetric sample holder, which is 

introduced in an oven. Then, a constant and slow heating ramp is applied recording 

the temperature in the centre of the oven and the temperature in the centre of the 

sample. From this, the crossing-point value is considered to be when both 

thermocouples reach the same value. An example is shown in Figure 18. 

The simplicity of this method introduces some errors such as overestimating the 

value of the critical temperature. This could happen when the heating ramp is not 

slow enough to provide a stationary temperature profile into the sample holder, and 

when a hotspot is produced far from the centre of the sample (where the 

thermocouple is located). As can be seen from Figure 18 (B), the crossing point is 

merely a ósnapshotô of the whole process, and it does not reflect the rate at which the 

sample temperature increases before and after the crossing point. These issues have 

been solved in part by the creation of several indices, calculated from the full 

temperature profile obtained during the experiment [148,149,146]. 
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Figure 18: Crossing point temperature method. (A) Adapted from Parr et al. 1925 

[172]; (B) Extracted from Nandy et al. 1972 [173]. 

E.2) The new CPT method (Chen method, 1990) [70]: Despite the title ócrossing-

point temperatureô as the original, this is a new method based on the transient 

solution of the heat and mass transfer problem proposed by Frank-Kamenetskii. In 

this case, Chen [70] applied the mass and energy balances over a similar differential 

element than this used in Equation 5. However, the resulting equation was replaced 

in Equation 7 to obtain: 

Equation 9  ”ϽὅὴϽ ‗ ЎὌ Ͻ”ϽὃϽὩ   

(A) 

(B) 
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Applying symmetry conditions, produced by an assumption of a symmetric profile 

of temperature developed when the temperature is close to the critical value, 

Equation 9 becomes: 

Equation 10   
ЎὌὶὼϽὃϽὩ  

From this equation, under a constant heating the critical temperature is found when 

the temperature profile is completely flat.  

In order to use this theory experimentally, several attempts have been made 

[176,177,76,148,149,70,92]. In general, several thermocouples are used to measure 

the coal temperature in regions close to the centre of the sample whilst this is 

constantly heated. Then, when the temperature profile recorded is flat, the crossing 

temperature is produced (as can be seen in Figure 19). The limitations of this method 

are similar to those found for the Frank-Kamenetskii method. In this case, the 

simplifications assumed introduce a large variability of the results. For instance, 

some variables are difficult to standardize: the different packing conditions of the 

material into the sample holder, the air flow conditions applied, the oxygen 

concentration, the moisture in coals and in the gaseous environment, the particle size, 

and the effect introduced by reactor size. 

Although this is one of the most cited techniques in literature, the use of this method 

by the coal industry is limited just to obtain the lower estimate of the ignition 

temperature. In addition, it is not popular when predicting propensity to spontaneous 

combustion due to its poor repeatability. From data in the literature, most of the 

results are based on different experimental conditions, which have produced 

different critical temperatures for same groups of coal tested. Finally, this method is 

a relative test for comparing samples, but not to be used as an absolute indicator. 



Chapter 2. Understanding the self-heating process 

57 

 

 

Figure 19: Experimental temperature profiles of a coal sample exposed to a heating 

ramp using Chenôs approach. In this case, the critical temperature is 129
o
C [177].  

F) Measurement of oxygen consumption and gas analysis: This technique is 

based on the evolution of the oxygen consumed and the gaseous products released 

when coal is subjected to thermal stress. This technique has been used to quantify 

propensity directly [178], as well as to understand reaction and kinetic mechanisms 

[179].There are two types of thermal conditions applied (isothermal and non-

isothermal tests), which can be performed in batch or continuous system: 

F.1) Isothermal oxygen consumption of coal: This procedure can be executed in a 

batch or in continuous flow reactor system. The isothermal batch system was 

developed during the early studies of spontaneous combustion testing [28,27]. In this 

case, the sample is introduced in a sealed container, and the partial pressure of 

oxygen in the system is measured after a preset period of time. After that, the mass 

of oxygen consumed is measured. This was also called the ñoxygen avidity methodò 

and ñthe static methodò, and its results were expressed as a volume of oxygen 

consumed in a specific segment of time per coal mass [29].  
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A continuous system uses a continuous gas flow through a reactor containing the 

coal sample. The inlet gas contains oxygen in a specified concentration, and a 

percentage of moisture can also be included. The temperature in the gas and in the 

coal bed is kept constant during the entire experiment [178]. In order to calculate the 

oxygen consumption, the partial pressure of oxygen in the inlet and in the output are 

measured by using a gas analyzer. The composition of the gaseous products can also 

be analysed by using Gas Chromatography [178], FTIR, Mass Spectrometry or a 

similar technique to identify the compounds generated, and calculate the complete 

mass balance of the system. 

Comparing both techniques, the batch system is a time consuming method. This can 

take from weeks to several months. The continuous system is a faster technique, but 

requires instruments sensitive enough to measure the small concentration changes in 

the gas products generated [29]. In the same way for both, their results can be 

expressed as a volume of oxygen consumed per mass of coal. 

F.2) Non-isothermal oxygen consumption of coal: In this case, the experimental 

work has been implemented only as a continuous system [64,179,180,162]. The 

laboratory procedure is similar to the isothermal experiment, but now the sample is 

exposed to a controlled heating ramp during the air oxidation. The heating rates 

reported for this test are slow (0.8
o
C min

-1
 [179] [86]; 0.4

o
C min

-1
 [162]). Figure 20 

presents some results from this test. Particularly, for high rank coals results have 

shown that oxygen consumption decrease with an increase in the temperature (from 

30 to 50
o
C) reaching a minimum. Then, above 50

o
C the consumption increases again, 

keeping a steady increasing rate [86]. 

The difficulty with using this test as an indicator of propensity is the complexity of 

generating a clear index. For both procedures (isothermal and non-isothermal), it is 
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difficult to obtain a temperature that could be considered as critical. Second, these 

tests depend on a large number of variables such as the gas flow; the volume of the 

reactor and the area of contact between coal and gas; the residence time of the gas in 

the reactor and the duration of the experiment; and the amount of sample used.  

 

 

Figure 20: Oxygen consumption profiles obtained for A) high rank coals, and B) low 

rank coals. The heating rate applied was 0.8
o
C min

-1
 [86]. 

2.4.2 Reactive properties of coals estimated from textural  characteristics 

Since the beginning of coal mining, petrographic information has been a primary 

form for coal characterization. Coal petrology has relevance in technological 

applications as a tool to predict combustion performance, degree of coal oxidation, 

coal reactivity, and estimate the proportion of unreactive material [114]. In general, 

these parameters can be determined from two main variables:  
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a) Maceral composition: an optical classification of different organic components 

from their initial plant materials [1]. Maceral analysis refers to the systematic 

quantification of maceral components presents in a coal sample (defined in Section 

2.2.1). It is possible to estimate the average reactivity of the whole sample, 

considering the concentration of higher reactive macerals such as vitrinite and 

liptinite. Also, the quantification of the sub-maceral fusinite combined with the 

degree of light reflectance allows an estimation of the unreactive content of the 

sample [181]. 

b) Rank value: a measure of light adsorption or reflection by the sample [1,2]. The 

rank value has been used by the coal industry as an index to identify coals prone to 

spontaneous combustion (Section 2.2.1.). A low rank value means a low degree of 

light reflection, produced by disorganized crystal structure and high porosity or 

isotropy. This is determined mainly by its maturity, and correlates well with volatile 

content and moisture content. On the other hand, coals with high rank values have a 

high degree of light reflectance, due to its well-organized crystal structure (or 

anisotropy) and low porosity, low volatile and low moisture content, which also 

means a lower degree of reactivity [1,3]. All these characteristics allow an 

association between coal rank and reactivity. In the case of low rank coals, the high 

surface area and heat released by water adsorption also increases its potential to react 

at low temperatures. For these reasons, coal rank is currently used as an index that is 

directly proportional to self-oxidation potential [69]. 

In addition, coal can suffer physical and chemical transformations due to physical 

phenomena such as temperature variation or natural oxidation, relating to changes in 

its petrographic properties [114,182]. Several researchers have shown that light 

reflectance of vitrinite particles increases with an increase in temperature in an 
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oxidative atmosphere. The rate of this change is related to maturity and maceral 

composition [114,182,183,77]. Petrographic analysis is considered to be the most 

suitable technique for detection of weathering and the early stages of oxidation as a 

result of natural exposure [115]. Nevertheless, studies are limited to a small number 

of coals and well-established trends relating to self oxidation are scarce. Finally, 

petrology has been used to identify particle morphology and detect textural 

alterations, which can be proven through the assessment of large numbers of 

particles [184]. 

2.4.3 Miscellaneous methods to estimate self-heating potential of coals 

Some alternatives methods have been implemented to detect propensity to 

spontaneous combustion on-site. In this case, systems are large scale and commonly 

open to the atmosphere (in the order of a few tons to a millions of tons). The normal 

parameters measured are the temperature at specific points in a coal stockpile 

[185,186], the emission of specific gases products (CO and CO2 for instance) [187], 

the wind speed around the pile [116,119], the slopes of the coal deposits [74], and 

the raining and environmental conditions of the sites. In general, these tests can 

confirm numerical models [118] and low scale experiments, which require 

extrapolation up to large coal stockpiles.  

Figure 21 shows the thermal profile obtained from large scale stockpile tests, using a 

15 ton coal facility (16m
3
) stored for a period of two weeks [186]. The total research 

period took five months, and a maximum temperature of 140
o
C was reported at the 

end of the experiment. The experimental results have shown that the hotspot formed 

within the first two weeks reached a maximum temperature of 100
o
C, which was 

surprisingly close to the surface of the stockpile (Figure 21 B). This result not only 

contradicts their own model predictions, but also the models of others who suggested 
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that the hotspot must be located near the centre of the pile [118,119,117].  These 

tests can reproduce the origins of a spontaneous coal fire quite accurately, and this 

can be virtually impossible at laboratory scale. Also, important experimental data 

from these tests has been used to confirm previous results acquired at a lower scale.  

 

Figure 21: Thermal profiles for a 15 ton facility between 1 and 15 days of storage. A) 

Model results, B) experimental results [186]. 

However, there are major disadvantages associated with the practical application of 

these tests. The most relevant among these relates to the large scale of the system, 

which is an impediment for a rapid implementation. These also need extra resources 

such as machinery and a large land site available to perform the experiments. In 

addition, these tests are time consuming (from weeks to several months), which 

introduces problems in the repeatability of the results. These are also affected by 

A B 
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uncontrolled variables such as the weather conditions at the moment of the 

experiment (winter or summer; rainy, sunny or cloudy), the environmental 

temperature (high and low), and the wind speeds. Finally, there are some parameters 

such as particle size and compaction of the deposit [96], which are almost impossible 

to repeat. For these reasons, the coal industry has not adopted these tests on safety 

grounds. However, some of the experimental features such as the thermocouple 

locations and the methodology used for gas analysis have been implemented in 

industrial deposits, as a way of monitoring anomalous conditions in coal stockpiles. 

2.5 Developing new methods for  spontaneous combustion detection  

The existing testing methods to identify coals prone to spontaneous combustion are 

not reliable enough to be used by the coal industry, despite the large number that has 

been proposed. This creates several doubts when safety procedures are implemented, 

exposing industries to an extra risk derived from a wrong analysis. The current 

methods in use are based on the assessment of variables such as coal rank, 

temperature of the coal deposit, the heat evolution of the stockpile, and the oxygen 

concentrations nearby, ignoring secondary parameters such as the mass loss of coals, 

changes in petrology and chemical composition as a result of weathering. Also, 

improvements in the data analysis could reveal new information, being able to 

characterize the phenomenon from a different perspective (e.g. thermogravimetric 

data and image analysis for instance).  

2.5.1 Thermogravimetric analysis as a tool to identify prone coals 

Thermogravimetric analysis (TGA) remains as a secondary tool to identify prone 

coals. Most of the standard thermal tests developed to quantify the spontaneous 

combustion behaviour focus on the direct reading of temperature profiles, excluding 

changes in the total weight of the sample. In this context, thermogravimetric analysis 
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provides the history of the sample mass associated to external changes in 

temperature.  

From this instrument, it is possible to obtain precise values for degradation 

temperatures during the oxidation process; to quantify the adsorption and desorption 

of oxygen, moisture and volatiles; and quantify reactive or unreactive components of 

samples [151]. Thermogravimetric analysis is also frequently used by the power 

industry to assess coal reactivity, obtaining kinetics parameters of fuels such as 

reaction order, activation energy and pre-exponential factors [188,189,190]; to 

calculate reactivity under different atmosphere conditions [191]; and to quantify 

physical characteristics such as moisture, volatile, carbon and ash content [107,192]. 

In addition, different non-isothermal tests have been reported in the literature to 

calculate burning profiles of coal and char particles [193], which can be useful to 

predict the operating conditions of industrial reactors. Most of these tests were 

designed to provide information about the oxidation reaction at high temperatures 

[194,195]. Some researchers disagree about the use of TGA to obtain information of 

coal oxidation at low temperatures (below 150
o
C), because this is close to being 

within the margins of error for the instrument [196]. Nevertheless, technological 

advances in thermogravimetric analyzers have improved the accuracy of data 

collection, and significant improvements in the control of temperature and data 

analysis have been achieved, resulting in this tool being more suited to precise low 

temperature measurements [197].   

Successful attempts using thermogravimetry to estimate propensity of coals to 

spontaneous combustion have not been reported. However, there are a number of 

potential techniques such as non-isothermal methods [193] that could reveal 

important information about the self-heating of coal [191]. Considering the 
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experience of previous researchers [108,198], there are two potential non-isothermal 

tests: First, different stages of the weight loss can be spotted through a single heating 

ramp in air. Depending on the specific heating rate applied, there are several 

measurable parameters such as percentage of oxygen absorption and water 

desorption [107], starting combustion temperature, and peak and burnout 

temperatures [191,193]. Second, by using an integrated approach it is possible to 

study the effect of temperature on sample weight, calculating an index independent 

of the heating rate applied. This is possible by carrying out parallel experiments at 

different heating rates, using a similar experimental approach to calculate kinetics 

parameters by TGA [199]. Additionally, the derivative of the weight loss can also be 

associated with each heating rate to determine how coal reactivity is affected by 

changes in temperature. Depending on the magnitude of these changes, coal samples 

could be classified in terms of its propensity to react with air. These potential uses of 

TGA to quantify coal oxidative behaviour represent a clear research opportunity. 

2.5.2 Advanced image analysis techniques applied to coal science 

Image Analysis (IA) is a relative recent technique that has gained momentum in 

many areas of scientific analysis. Its growth during the last decades has been dictated 

by the enhancement of computational systems, both software and hardware. This 

technique could be described as a series of steps from image acquisition and 

processing. Many different disciplines routinely use IA including biology, 

mineralogy, chemistry, engineering and manufacturing process [200]. The main 

sequence of steps starts with the image acquisition, by means of a digital camera or a 

similar device implemented alone or in conjunction with other equipment such as a 

microscope. After that, the image is stored. This has been enhanced in last few years 

due to advances in microchips and electronics, allowing bigger images to be stored 
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for processing, resulting in more information. Manipulation and enhancement of the 

image is the next step, and this has also been optimized in the last years due to 

improvements in software. In addition, images can be mathematically transformed, 

processing them in spatial or frequency domains, separating or reconstructing 

particles or objects to obtain more detailed information. Finally, the results can be 

represented as a new image or saved in a data base [200].      

For coal science, there have been successful attempts to use image analysis. Initial 

work was based on recognizing maceral content and the calculation of rank using 

automated systems [201]. This basic research was carried out using systems attached 

to microscopes (without any computer processing), applying greyscale recognition 

under a fixed light exposure. The same concepts of processing are applied nowadays, 

using digital devices to obtain and process the information automatically 

[202,103,203]. Development increases in the Nineties, when the improvements of 

computer and digital cameras allowed image capture and post-processing easily. 

Some of this work was carried out at Nottingham University studying coal properties, 

performing automated maceral and rank measurements [104,204,205], and creating a 

coal char morphotype characterization [206].  

For a normal image, a pixel is the minimum single piece of information available 

and it is represented by a specific colour level. Images can be defined as Colour 

(well known as RGB) and Grey Scale Images (GSI). A Grey Scale image is a 

representation in which the colour pixels range is defined in 256 different levels, 

starting from black (level 1) to white (level 256), passing through all the different 

tonalities produced by the combination of black and white, divided in 255 different 

levels. Then, the image contains a specific number of pixels that could be 

represented in a histogram. The image histogram is a plot of the total number of 



Chapter 2. Understanding the self-heating process 

67 

 

pixels of each grey scale level, against the grey scale interval (from 1 to 256). As can 

be seen from Figure 22, the image histogram is a useful route to quantify overall 

optical properties and to determine material characteristics from a large number of 

particles. For instance, the background resin of a coal mounted sample appeared in 

the image as black, corresponding to a large peak around 0-70GSU in the image 

histogram. The vitrinite maceral is another major constituent presented in the sample 

showing a peak around 70-150GSU in the image histogram. Finally, the high light 

reflectance of fusinite makes that these particles appear in the region close to the 

white, which is around 150-255GSU. 

 

Figure 22: Histogram of images from a coal sample: A) Raw image including 

background resin; and B) processed image. Both cases are represented using grey 

scale units (left) and equivalent light reflectance scale (right).  

Histograms obtained from grey scale images have been used to calculate the random 

reflectance of a coal samples, and linked successfully to the manual measurement of 

rank [201]. Also, these have been related to the maceral content 

A 

B 

A 
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[201,202,104](schematized in Figure 22). For coal fire research, changes in maceral 

fractions under certain conditions such as weathering, natural or artificially created 

oxidation can be quantified using image analysis. 

Besides, IA has been implemented for particle identification, morphological 

classification, and for characterization of coal and char particles [206]. In addition, 

measurement of particle size distribution, diameter, roundness, length and mineral 

content of coal particles have also been studied [200], defining standardized 

procedures for industrial applications [207]. Nowadays, algorithms of image 

processing of coal are focused in obtaining parameters such as random reflectance, 

particle size, and particle morphology. However, the use of these techniques to 

detect thermally altered coal particles has not been used, representing another clear 

research opportunity.  

2.5.3 Spectroscopy, a less explored tool for coal characterization 

Spectroscopy is the study of the interactions between energy and matter. In this case, 

an electromagnetic beam is directed to a sample surface and the absorbance or 

reflectance of energy is measured. Several techniques have been developed by 

altering the frequency of the beam such as ultra violet spectroscopy (UV region ɚ~10 

to 400nm) and Infrared spectroscopy (IR region, ɚ~0.7 to 300Õm) between the most 

common. In these cases, the changes in the different regions of the spectrum emitted 

and absorbed provide valuable information about molecular vibration, bond 

stretching and bending, useful to characterize molecular groups incorporated into the 

sample [208]. Fourier transformed infrared spectroscopy is a particularly attractive 

tool for coal research because most of the organic functional groups that are present 

in coals interact with infrared light [209]. This tool has been used to evaluate 

different chemical attributes of coals such as weathering and change of functional 
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groups by aerial oxidation [210]; characterization of macerals such as liptinite, 

vitrinite and sub-maceral groups [211,212,213]; analysis of specific organic 

structures such as aliphatic and aromatic groups [214]; and study of changes in 

technological characteristics of coals such as plastic properties, volatile matter and 

variations in mineral matter composition [114]. 

Some literature exists where this technique has been used to estimate the propensity 

of coal to spontaneously combust [106,215,132]. The most relevant study 

investigated the chemical changes during the natural oxidation of a set of high 

volatile bituminous coals and found that clear differences existed between fresh and 

oxidized samples [106]. Specifically, the study shows a marked loss of aliphatic 

groups with increasing oxidation, as well as an increase in carbonyl and carboxylate 

groups. This study also concluded that aromatic groups were less affected by the 

oxidation process. In a recent study [215], changes in active functional groups were 

observed during low temperature oxidation of coal, which confirmed the presence of 

specific components assumed during the mechanism formulation [132]. In this, 

aliphatic hydrocarbons such as methyl and methylene, react with oxygen atoms 

absorbed by pores on the coal surface generating unstable solid intermediate carbon-

oxygen complexes, which then decompose into gaseous products (CO, CO2) and 

stable solid complexes [128,131]. Consequently, the use of FTIR to identify a 

fingerprint of coals prone to spontaneous combustion, and the use of this tool to 

estimate the impact of the coal oxidation are attractive research opportunities. Finally, 

FTIR could also be combined with other techniques such as thermogravimetry (TG-

FTIR), differential scanning calorimetry (DSC-FTIR) and mass spectrometry (MS-

FTIR), to visualize the phenomenon in a more advanced way.  
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2.6 Spontaneous combustion potential of biomass and coal-biomass blends 

The spontaneous combustion is a reaction that could affect other materials different 

from coal such as biomass, coal-biomass blends, organic and forestry wastes. For all 

these materials, the thermal runaway shares the same fundamentals: an imbalance 

favourable to heat production instead of heat release through the stockpile. However, 

in the case of hygroscopic biological materials such as biomass and waste, bacterial 

activity is a primary cause.  

2.6.1 Incidence of self-heating in biomass materials 

Several incidents of thermal runaway have been reported for different types of 

biomass: sawdust [216,217,218], wood chips [218,217,57], composting piles [58], 

hay piles [58], rapeseed and soybean piles [59], municipal waste [219,220], charcoal 

[220], eucalyptus leaves [216], yard trimmings [216], pistachio nuts and palm kernel 

among the most frequent [221]. In literature, a vast number of accidents are reported; 

however, information about the mechanism and the reactions that take place is 

further complicated by the complex biochemistry involved. A review of the global 

mechanism and the variables involved is given below. 

2.6.2 Global mechanism 

The precise mechanism in which these incidents took place remains unknown, but in 

all these cases the same steps have been reported: a) a rise in temperature due to 

fermentation; b) water vaporization; and c) a critical temperature is reached and 

thermal runaway takes place. These steps are described as follow: 

a) An initial rise in temperature produced by the aerobic respiration of living plant 

cells and microbes incubated into the pile, which liberates heat by direct oxidation of 

plant chemicals [216]. The normal temperature range of the microorganism 

interacting into the pile can vary from 20-40
o
C (mesophiles) to 40-80

o
C (facultative 
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thermophiles) [222]. At this stage, the temperature in the pile does not rise above 70-

90
o
C until all free water is removed [216]. 

b) Water vaporization produced by the previous temperature increase. From this, the 

pile can lose nearly all the free water reaching a temperature approximate to 100
o
C, 

where all the microorganisms are killed. At this stage, oxygen still flows into the pile, 

reacting with plant chemicals to produce even more heat, increasing pile temperature 

and acceleration the oxidative chemical reactions [216].  

c) Once the pile has lost all its free water, the thermal runaway is produced. At this 

stage, the biomass pile is rich in carbonaceous material with ignition temperatures 

around 130-160
o
C [221]. Also, at this stage the rate of heat release by the chemical 

reactions is higher than the heat loss, and the thermal runaway will take place 

eventually reaching the ignition temperature [216,221]. 

2.6.3 Potential variables involved in the biomass self-heating 

Several factors affect this process such as the oxygen concentration, temperature and 

moisture content, which play an important role facilitating the growth of 

microorganisms. Also, there are additional parameters such as the activation energy 

of the biochemical reactions, the catalytic activity of microbes (biocatalysis), the 

dependency of particle size and the pile compaction (porosity of the pile), which also 

influence the self-heating.  

2.6.3.1 Oxygen, temperature and pile compaction 

Oxygen is a fundamental reactant for both biotic (biochemical) and abiotic reactions. 

In the first case, oxygen is used for cellular breeding, reaching a maximum 

consumption when the temperature is close to the optimum growing temperature of 

each specific microorganism evolving. In the second case, oxygen acts as an oxidant 

of the carbon structures, showing an Arrhenius type dependency on temperature, 
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similar to that shown by coal [221]. The pile compaction is a technological factor 

that also has influence over these parameters. In the case of oxygen, a low 

compaction degree facilitates its diffusion through the pile allowing higher heat 

dissipation. Conversely, a high compaction degree obstructs the oxygen transport, 

but at the same time reduces heat dissipation. The intermediate state is the most 

hazardous situation because there is sufficient oxygen and the correct conditions for 

biological activity, accelerating the rise in temperature [221,216]. 

2.6.3.2 Moisture  

Water content plays an important role in the process supporting several interactions 

that maintains microbial activity. In this case, water can be used by microbes as a 

substrate, a transport medium, and a thermo regulator [216]. The thermal properties 

of water also have major influence on the process, for instance a high water content 

pile can produce heat at a lower rate by obstructing oxygen diffusion. Elevated water 

content levels can also inhibit the growth of the microorganisms, and requires a 

higher energy input to be evaporated [222]. However, when water is totally 

eliminated the ignition temperature of the material is reduced considerably [218] 

2.6.3.3 Activation energy  

The number of chemical and biochemical reactions that take place in a biomass pile 

is uncertain. In the case of biochemical reactions, the activation energy is reduced 

considerably by biological activity, decomposing large hydrocarbon chains into 

simple compounds that are easy to oxidize. This action has a direct effect on the 

subsequent chemical reactions, which also are facilitated by a reduction of the 

activation barrier (biocatalytic effect) [221,216,222]. 
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2.6.3.4 Particle size 

For biomass materials, the reactivity not only depends on access of oxygen to the 

active sites at which reactions take place, but also it depends on the surface area in 

contact with the biological activity. At laboratory scale, with large particles the 

phenomenon is controlled by heat and mass transfer restrictions in a similar way to 

coal. When the particle size is reduced, a chemical control of the reaction is reached. 

However, a reduction in particle size also facilitates the compaction, which restricts 

the mass transfer and increase the heat conduction [220]. Some researchers maintain 

that the same rule as applied to coals can be applied to biomass [216].  

2.6.3.5 Other factors 

Other factors can also be named, which have been less studied:  

¶ The influence of inorganic materials such as metals which can act as catalyst. 

For instance, the contamination by iron and aluminium is common in 

composting and landfills deposits [216]. 

¶ The influence of cellular wall thickness and the internal structure of biomass 

particles. As it will be demonstrated in this thesis, the morphology of the 

biomass has a direct relationship with intrinsic reactivity [223]. 

2.6.4 Testing procedures 

Several experimental procedures have been used to estimate the spontaneous 

combustion of biomass materials. However, most of them only take into account the 

final oxidation stages (close to the ignition point), without giving relevance to the 

biological activity of the material. In those cases, the same standard testing 

procedures have been used as for coal assessment. These included the Frank-

Kamenetskii and the heating basket method [218,217], Chenôs method (modified 

crossing point temperature) [70], the classic crossing point temperature method 
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[220,58], the isothermal oven test (referred to as the constant temperature method) 

[220], and spontaneous ignition tests [57]. Biomass testing has not generated any 

new additional method other than those used for coal assessment. 

2.6.5 Potential problems of coal-biomass blends. 

Co-firing of coal-biomass blends is being implemented across Europe targeting the 

reduction in carbon dioxide emissions [54]. During the last decade, biomass has been 

adopted by power stations using three different approaches, on which the storage 

facilities associated depend directly [60]:  

¶ Direct co-firing: In this case, biomass and coal are burned in the same boiler 

furnace. The milling and the subsequent injection depend on biomass type, and 

can be performed using combined or separate equipment. This is a 

straightforward technology and the cheapest [224].  

¶ Indirect co-firing: In this case, biomass is gasified in a separate unit, and the fuel 

gas is burned in the coal boiler. This technology allows higher fuel flexibility 

and cleaning the gas before injection into the boiler, increasing the useful life of 

the unit. However, it requires a higher investment [224];  

¶ Parallel co-firing: biomass is burned in a separate boiler and the steam produced 

is combined with that coming from the coal boiler. This is the most expensive 

alternative because it requires the construction of a new unit for biomass burning 

[224].  

Information about synergetic interactions during storage and subsequent blending 

problems is scarce. Also, investigations have focused on high temperature 

combustion reactions that take place inside the reactors [225], and the slagging 

problems produced by the residual mineral matter when it reaches the heat recovery 

units [60]. However, information about potential interactions at low temperatures in 
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industrial reports is highlighted as a possible further concern [226]. In relation to 

technical and scientific papers, little information exists about spontaneous 

combustion of coal-biomass blends.  

Currently, mixed coal-biomass storage facilities do not exist [60] because fuels are 

milled and blended in situ, seconds before injection in the boilers [56]. This situation 

does not represent a risk; however, if the use of organic material is finally adopted by 

the industry in a large scale, blending could have important advantages and 

disadvantages. In this context, the best scenario is given by negative synergetic 

interactions. The potential risk of spontaneous combustion of the single components 

(coal and biomass) will be higher than the blended material, which represents an 

exceptional opportunity to reduce the probability of incidents. Conversely, the worst 

scenario could be where mixed fuels are more likely to spontaneously combust than 

the separate individual components. Understanding this requires further study, 

representing a clear research opportunity. 

2.7 Biomass and coal-biomass characterization 

For biomass, it is necessary to study the thermal behaviour and the material 

morphology to generate predictive models. A number of techniques have been used 

to classify coal char morphology [206,227,228], and the same methods can be used 

for biomass particles. Some researchers have used scanning electron microscopy 

(SEM) analysis to observe char structures although this technique can be more 

qualitative than quantitative [229,230,231,232]. Optical microscopy using reflected 

light techniques (potentially coupled with automated image analysis) could also be 

used for biomass char characterization. 

Thermogravimetric studies can also provide relevant information about chemical 

reactivity (intrinsic reactivity) of the feed material and subsequent char products 
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[233]. Previous investigations have focussed on coal char reactivity using TGA 

analysis [234,235]. In this case, it is possible to find studies which relate physical 

factors with reactivity behaviour, such as heating rate effects [236,232], influence of 

atmosphere used [234], relevance of different pressures [231], and the significance 

of particle size [231,232].  

The existence of a link between shape and particle reactivity would be an interesting 

and important area for study, particularly since biomass particles are generally fired 

in much larger sizes (>500microns). Changes in reactivity and char morphology with 

increasing particle size, might also impact burnout performance.  

2.8 Research opportunities and thesis scope 

The thermal runaway of carbonaceous materials is a major problem not only for 

industry, but also for the wildlife and the population affected by these incidents. A 

key to prevent those events is performing a precise assessment of the variables 

involved, which will depend mainly of the consistency and accuracy of the testing 

methods used. At present, there are several experimental procedures that are used by 

the scientific community to predict the spontaneous combustion of materials; 

however, most of them are based on the measurement of a restricted number of 

variables, delivering in some cases contradictory results. In order to address the 

problem from a new point of view, it is necessary to increase the spectrum of 

variables used to quantify the phenomenon to a wider range. As the energy 

requirements and global warming concerns increase, the use of environment friendly 

materials such as biomass and organic wastes arises as attractive alternatives; 

however, there is little information about the application of coal tests to biomass. 

Finally, co-firing is also a feasible alternative to reduce carbon emissions, but there 
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is available little information about the possible synergetic effects produced in the 

reactive properties of coal-biomass blends at low temperatures. 

2.8.1 Research questions 

Considering the ideas recently exposed, a number of research questions will drive 

this research:   

¶ Since it has been demonstrated that the spontaneous combustion phenomena is 

closely related to sample weight, would it be possible to differentiate materials 

prone to spontaneous combustion based in the information obtained from weight 

loss as a result of changes in thermal conditions? 

¶ Can the optical information obtained from microscopy studies be used to predict 

the phenomenon of spontaneous combustion? If this is the case, how reliable 

this kind of testing would be? 

¶ Could the same procedures be used for coal testing in the study of spontaneous 

combustion of biomass? 

¶ Is there any synergetic effect in the thermal oxidation of coal-biomass blends, 

which increase or decrease the probability of a spontaneous fire? 

2.8.2 Thesis scope  

Finding adequate answers to all these research questions presents clear research 

opportunities, which is the main aim of this investigation. In general, a study of the 

phenomena of spontaneous combustion of coal will be carried out considering the 

work of previous researchers, the search of historic records of spontaneous coal fires, 

and also the introduction of new methods to identify propensity at laboratory scale. 

Alongside these, a parallel study of biomass self-oxidation will be carried out, based 

on past events and experimental work with the aim to understand the biomass self-

heating phenomenon. In this case, the experimental investigations consider two 



Chapter 2. Understanding the self-heating process 

78 

 

characteristic biologic materials: raw biomass and charcoal (biologic oxidised 

material). Ultimately, from the results obtained for coal and biomass independently, 

the study is extended to coal-biomass blends. 

In particular, the experimental study will be conducted by two experimental 

techniques: a) thermo-chemical analysis, focused on thermogravimetric and 

calorimetric tests; and b) studies of the optical properties of materials involved by 

optical microscopy. In this context, thermal data have proven to be essential to 

obtain kinetics and thermodynamic parameters that allow measurements of the 

intrinsic rate of reactions and the global rates observed in restricted heat-mass 

transfer environments such as a stockpile. Then, the connection of the weight loss of 

the sample with the self-heating phenomena, and the heat released by this reaction 

will be quantified by thermogravimetric and calorimetric studies. Additionally, 

microscopy and image analysis tools will be used to study morphologic and 

structural changes produced by the oxidation reaction, linking these with the 

information obtained by thermal methods, with the aim of identifying possible 

optical characteristics of coals prone to spontaneous combustion. Finally, 

considering all the properties studied and the results obtained, a set of experimental 

procedures will be proposed to identify coals prone to spontaneous combustion, to 

identify the possible risks associated to the storage of biomass, and the potential 

hazards of coal-biomass blends.  
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Chapter 3. Experimental methods for spontaneous 

combustion research 

3.1 Research plan  

The main focus of this study is to develop new methods for identification and 

quantification of the potential of spontaneous combustion of coal, biomass and coal-

biomass blends. In order to complete this task, the main variables associated to the 

self-heating phenomena were identified for measurement and experimental 

quantification by thermal analysis and optical microscopy. Thermal methods provide 

a unique source of information to assess the potential of a material to suffer a 

thermal runaway. These techniques are used to obtain information of ñreactivityò and 

kinetics; to measure the specific degree of oxidation of samples; quantify 

composition including moisture, carbon content and volatile matter; and also to 

artificially create thermal alterations in the material. In addition, microscopy and 

advanced image analysis techniques were used to identify other characteristics 

including light reflectance; the mineral and maceral composition; the morphology of 

particles; and the degree of oxidation. All of these parameters are closely related to 

the phenomena studied, and can be measured directly for each sample. 

In both cases, characteristics could be quantified at different stages of the self-

oxidation process. Physical properties can be measured directly from the initial 

sample (original properties of the fresh material); during a specific treatment (e.g. 

temperature, pressure, concentration profiles on-line); and after the treatment (e.g. 

changes in chemical and optical properties as a result of the heating process). Finally, 

the combination of all these techniques will provide a new approach to the 
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understanding of the self-heating phenomena. Applied experimental techniques at 

different stages of this research are presented in Figure 23. 

 

Figure 23: Diagram of processing and analysis of the sample. Two main techniques 

of analysis are applied at different stages of sample processing.  

3.2 Sample collection and preparation 

3.2.1 Coals selection 

For this research, 42 coal samples from different parts of the world were used. From 

these, 29 samples were used directly in a main set of experiments designed to 

identify key features of the self heating process. Then, this information was used to 

develop a new set of methods for spontaneous combustion assessment. This coal 

selection included at least three samples well-known prone to spontaneous 

combustion, as well as three unreactive samples which were used as standards or 
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benchmarks for reactive or unreactive coals. There are also two samples with high 

sulphur concentration, and four samples with high water content. The samples 

covered a vast range of coal types such as lignite, bituminous and semi-anthracites. 

The selection of samples and their main characteristics are presented in Table 4. 

Additionally, 13 special samples were provided by the Federal Institute of Material 

Research of Berlin (BAM), to be used as a reference in the assessment of the testing 

procedures developed. These samples were collected from natural fires and coal 

deposits, and the information about their propensity is well known. 

Between the samples used, Fenosa coal has recently suffered an incident of 

spontaneous combustion. This sample is a low rank Indonesian coal being used in a 

power station located in the north of Spain. The real name of this sample has not 

been provided. Instead, in this report this coal is identified by the name of the power 

station who suffered the incident (Union Fenosa). About the incident, there are 

several press releases which provide general details [38]. From these, it is possible to 

extract the following information: A considerable amount of smoke and steam 

started being released from a coal deposit located in A Coruna port on November 

13
th
 2007, in which were stored 70.000 tons of coal arrived two weeks before. Then, 

in order to eliminate the hotspot heavy machinery was used to remove the coal from 

the deposit. This produced a higher steam release, but there was absence of a visible 

flame. The smoke produced was described by witness as strongly smelly, itchy and 

similar to the natural gas smell. A week of work was needed to remove all the 

material stored into the deposit and to extinguish the hot spot (17 November 2007). 
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Table 4: List of worldwide coals selected for the research project. 

 Coal name Origin  Type of coal Characteristics 

1 Fenosa Indonesia Lignite  Prone to spon. comb. 

2 Orupka Nigeria Lignite  High reactive 

3 North Dakota USA Lignite  Prone to spon. comb. 

4 Hambach Germany Lignite  High water content 

5 Illinois #6 USA 
High volatile 

bituminous 
High reactive 

6 Pocahontas #3 USA 
Low volatile 

bituminous 
Coal blend 

7 Indiana EDF   USA Bituminous  1.8%S 

8 La Jagua Venezuela Bituminous   

9 La Loma Colombia Bituminous   

10 El Cerrejon Colombia Bituminous  High reactive 

11 Blue Creek Australia Bituminous   

12 Bulli  Australia Bituminous  (old sample) 

13 Hunter valley Australia Bituminous   

14 Kaltim prima Indonesia Bituminous  High reactive 

15 Indo Indonesia Bituminous  (old sample) 

16 Goedehoop S. Africa Bituminous   

17 Kleinkopje S. Africa Bituminous (old sample) 

18 Bulawayo Zimbabwe Bituminous   

19 Zondag 1 Russia Bituminous   

20 Sines Portugal Bituminous   

21 Littleton UK Bituminous   

22 Daw Mill UK Bituminous   

23 Yanowice Poland Bituminous   

24 Asfordby UK Bituminous   

25 Lea Hall UK Bituminous   

26 Deep Navigation UK Bituminous  (old sample) 

27 Bentinck UK Bituminous   

28 Nadins UK Bituminous   

29 Ironbridge UK Bituminous  (old sample) 

 

The coal deposit in use was a closed dome, with ventilation in the top of the structure, 

and located besides a maritime port. Personnel working in the site also commented 

that ventilation inside was poor and there was high humidity in the area. Finally, a 

representative sample was collected from the site. Some images of the incident are 

shown in Figure 24. 
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Figure 24: Images of the spontaneous coal fire produced in Spain 2007 [38]. 

3.2.2 Biomass selection 

Biomass materials were also obtained from different sources. Most of them were a 

combination of energy crops and residues being tested currently in the UK as a 

potential substitute of coal in combustion processes for electricity generation. 
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Table 5: List of worldwide biomass selected for the research project 

 Biomass name Origin  Characteristics 

1 Miscanthus UK, Crop Energy crops 

2 Corn UK, Animal feed Energy crops 

3 Wheat UK, Flour production Agricultural feedstock 

4 Short cereal Chinese, Cereal residue Agricultural feedstock 

5 Sunflower UK, Oil production residues Agricultural feedstock 

6 Rapeseed UK, Oil production residues Agricultural feedstock 

7 
Dried distillation grain 

(DDG) 

UK, Ethanol production 

residues 
Corn processed 

8 
Dried distillation grain 

without soluble (DDGS) 

UK, Ethanol production 

residues 
Corn processed 

9 Olive wood Spain, Oil production residue Forest wood 

10 Swedish wood UK, Sawdust residue Forest wood 

 

3.2.3 Sample preparation 

3.2.3.1 Coal  

Coal samples were prepared in a similar way for all the experiments. In some 

particular cases (it will be indicated), there was a special pre-treatment of the sample. 

First of all, particle size was standardized due to the different sample origins. The 

procedure is detailed as follows: fresh samples were pulverized and sieved in order 

to obtain a set of four different particle size fractions. Approximate 1kg of each 

sample was milled using a Laboratory disc mill (equipment described section 3.3). 

Subsequently, the sample was sieved capturing the fraction below 1180mm mesh. 

After a series of sieving, all particles above 1180mm were milled once more by hand 

with the aim to reduce the size of the whole sample. Then, particles were sieved 

using the British standard for coal sieving [237], collecting the following size ranges: 

fraction <106µm, 106-212µm, 212-500µm, and 500-1180µm. Finally, 10 gr. of each 

size fraction were kept in glass bottles to be used in the small sample size 

experiments. The remaining material was kept in sealed plastic bags, vacuum sealed 
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and stored in a dry place prior to be used in large scale experiments. Table 6 is a list 

of the material prepared and the corresponding experiment. 

Table 6: Particle size distribution of coal fractions 

Experiments <106 106-212µm 212-500µm 500-1180µm 

TGA, DSC, FT-IR 

Microscopy 

(small sample size) 

10 g bottle 10 g bottle 10 g bottle 10 g bottle 

Spon. comb. reactor, 

DTF, coal-biomass 

blends (macro scale) 

600 g 

sealed bag 

100 g 

sealed bag 

100 g 

sealed bag 

100 g 

sealed bag 

 

3.2.3.2 Biomass  

Fresh samples were crushed and sieved to obtain six different particle size fractions. 

Approximate 2 kg of each sample are milled using a cutting mill machine 

(equipment described section 3.3), and the fraction below 2130mm mesh was 

captured. After sieving, all particles above 2130mm were crushed. Then, particles 

were separated into six size fraction ranges: 53-75, 75-106, 106-212, 212-300, 300-

600 and 600-1180mm. Finally, 15g of each size fraction were kept in glass bottles to 

be used in the small sample size experiments and 10g of each size fraction were kept 

in glass bottles to prepare char particles. The remaining material was kept in sealed 

plastic bags, vacuum sealed and stored in a dry place to be used in the large scale 

experiments (Table 7). 

Table 7: List of biomass material prepared and their associated experiment 

Experiments 
53-

75µm 

75-

106µm 

106-

212µm 

212-

300µm 

300-

600µm 

600-

1180µm 

Raw material 

(TGA, FT-IR) 

15g 

bottle 

15g 

bottle 
15g bottle 15g bottle 

15g 

bottle 
15g bottle 

Char preparation 

(TGA and 

microscopy) 

10g 

bottle 

10g 

bottle 
10g bottle 10g bottle 

10g 

bottle 
10g bottle 

Spon. comb. reactor, 

coal-biomass blends 
- - 

1200g 

bag 
- 

1200g 

bag 
- 
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3.2.3.3 Coal-Biomass blends 

Coal-biomass blends were prepared in situ, before each experiment, using four 

different ratios of coal:biomass 95:5, 90:10, 85:15 and 80:20 respectively. In these 

cases, blends were prepared using 500g of seven selected samples of pulverized coal 

(particle size <106µm), blended with four crushed samples of biomass in two 

particle sizes (106-212µm and 300-500µm). The blend was mixed manually in a 

Vickers jar with capacity of 500ml, using a spoon for 5 minutes to obtain a 

homogeneous blend. For each blend, 10g was kept in a glass bottle to be used in 

small sample size experiments. The remaining material was used directly in large 

scale experiments (Table 8). 

Table 8: Coal-biomass blend material prepared for oxidation experiments 

Experiments 106-212µm 300-600µm 

TGA, FT-IR 

(7 coal samples blended with 4 biomass, in 4 

proportions, total 112 samples) 

15g bottle 15g bottle 

Spontaneous Combustion reactor 

(7 coal samples blended with 4 biomass, in 4 

proportions, total 112 samples) 

100g bag 100g bag 

 

3.3 Equipment and experimental procedure for sample preparation  

3.3.1 Drop Tube Furnace 

A drop tube furnace developed by E.On (formally known as Powergen UK) and 

situated at the Department of Chemical and Environmental Engineering at The 

University of Nottingham is used to produce biomass char samples under controlled 

conditions to reproduce combustion conditions (Figure 25). The furnace is pre-

heated by three heating elements located in the top, centre and bottom of the reactor, 

each managed remotely from a main controller unit. The furnace operates in a 

temperature range from 300 to 1300
o
C, and three different resident times: 200ms, 
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400ms and 600ms. For each residence time there is a specific gas flow, which has 

been calibrated under standard conditions. The sample is fed at the top of the furnace 

automatically by a screw feeder in a rate of 1g min
-1

, and collected in a water cooled 

probe at the bottom of the reactor. The outlet is connected to a cyclone which 

separates the solid char particles from the flue gas. 

This equipment was used to study the structure of biomass particles and compare the 

effect of a high heating rate environment on the reactivity and morphology of 

particles. For this test, five biomass types in six different particle sizes were used. 

Samples were passed through the furnace, operating at 1000
o
C, 1% oxygen 

concentration and using a residence time of 600ms. The experiment required 

approximately 5g of fresh material to pass through the screw feeder system. Finally, 

the material is stored in glass bottles for microscopy and TGA analysis. 

 

Figure 25: Drop tube furnace. 
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3.3.2 Muffle furnace 

A Carbolite muffle furnace model OAF 10/1 was used to produce biomass char 

samples under fix bed conditions (Figure 26). The furnace is pre-heated by means of 

an electrical resistance at 1000
o
C connected to power supply on 220/230 volts A.C. 

The experimental is described as follows: Ceramic crucibles were filled with 10g of 

fresh biomass and a closed ceramic lid (to allow pyrolysis but with reduced air 

ingression in order to minimise combustion) and placed directly into a preheated 

Muffle furnace at 1000ºC. Samples were left for 3 minutes, to allow pyrolysis stage 

to be completed, after which the crucibles were removed and placed in a dessicator 

to avoid the re-introduction of moisture. 

       

Figure 26: Carbolite muffle furnace (left) and cutting mill Pulverisette15 (right).  

3.3.3 Cutting mill  

A laboratory cutting mill model Pulverisette 15 (Fritsch) was used for grinding 

biomass particles (Figure 26). A rotor inside the mill revolves the material at high 

speed (3000rpm), fractioning by means of a cutting plate located in the inferior part 
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of the mill. The fine material is collected in the bottom of the equipment in a 

stainless steel basket attached. 

3.3.4 Laboratory disc mill 

A laboratory disc mill model Tema T 750 K (Figure 27), is used for grinding 

minerals and organic materials. The mill has a cylindrical chamber with two 

concentric cylinders that allow the milling of 100g of sample. The discs (Figure 27, 

right side) are agitated by horizontal vibrations, grounding the material by impact 

and friction. The time of milling is preset by an analogous timer, in a variable range 

from seconds to hours. All coal samples were pulverized using this device. 

 

Figure 27: Laboratory disc mill, similar model to the actual used. 

3.4 Equipments and methods used for thermal analysis 

Three main thermal techniques were used: thermogravimetric analysis (TGA), 

differential scanner calorimeter (DSC), and differential thermal analysis (DTA). 

Each provides useful information about the response of coals in a heated 

environment that could be related to the issue of self-heating. Techniques and their 

characteristic profiles are summarized in Table 9.  
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Table 9: Thermal techniques used in this research. Adapted from [151] 

Method 
Parameter 

measured 

Instrument 

employed 
Typical curve 

 

 

 

 

TGA 

 

 

 

Weight (m) 

and weight 

loss (dm/dt) 

Thermo 

balance 

 

 

 

 

 

DSC 

 

 

 

Heat flow 

(dH/dt) 
Calorimeter 

 

 

 

 

DTA 

 

 

 

 

Temperature 

(T) 

DTA 

apparatus 

designed 

DTA Mass (m) 

Balance 

attached to 

DTA 

apparatus 

designed 

 

3.4.1 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) is one of the most common tools used for 

thermal coal characterization. From this, it is possible to study mass change as a 
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function of temperature and time, providing information about thermal stability, 

composition, reactivity, kinetics and relevant physical properties of the samples.  

3.4.1.1 Equipment used for sample analysis  

Thermogravimetric analysis (TGA) was carried out using a TA Q500 (TA 

instruments Co.), with a gas flow of 100ml min
-1

 and a sample size of 4-20mg. This 

instrument has 16 platinum pans located in an auto sampler tray, which is controlled 

from a remote desktop that is also used to control the heating programs and record 

the weight of the sample as a function of time.  Five main methods have been used: 

Proximate analysis, reactivity in air, slow pyrolysis, spontaneous combustion testing, 

and absorption of oxygen. 

3.4.1.2 Sample preparation and analysis 

The experimental procedure to load the sample pans is described as follow:  

a) Platinum crucibles were clean and tared using the auto sampler tool.  

b) Approximately 10mg of sample was placed in the platinum crucibles (sample 

preparation described in section 3.2.3).  

c) Sample is run using a software controlled program.  

3.4.1.3 Methods 

i) Intrinsic Reactivity:  The intrinsic reactivity test identifies the propensity of 

samples to lose weight whilst being heated at a fixed ramp rate in air (10
o
C min

-1
). 

There are key values that can be obtained from this test: a) initial temperature (the 

stage at which at 1%wt conversion is achieved); b) peak temperature (where 

combustion or devolatilisation rates reach a maximum); and c) burnout temperature 

(where 99% of the carbonaceous material has been combusted). 

ii) Proximate analysis [107]: This test was used to measure volatile, fixed carbon, 

ash and moisture content. First, samples were heated from ambient to 105
o
C under a 
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constant heating rate in nitrogen (10
o
C min

-1
). After reaching 105

o
C the temperature 

was kept constant for 5 minutes; the weight loss to this point was attributed to the 

moisture content. Then the sample was heated from 105
o
C to 920

o
C under a constant 

ramp rate in nitrogen (10
o
C min

-1
), and held at the maximum temperature for 15 

minutes; this weight loss was attributed to the volatile content. Finally, N2 gas flow 

was switched to air at 920
o
C for 15 minutes to calculate the fix carbon content. The 

remaining weight in the pan corresponds to the ash content. 

iii) Slow pyrolysis test: This test identifies the behaviour of volatile matter in the 

sample whilst being heated at a slow ramp rate in nitrogen (5
o
C min

-1
). There are key 

values that can be obtained from this test: a) initial temperature (the stage at which at 

1%wt volatilization is achieved); b) peak temperature (where devolatilisation rates 

reach a maximum); and c) final temperature (where 99% of the volatile material has 

been released from the sample). 

iv) Spontaneous combustion testing: This test is used to identify samples which are 

highly reactive in air at low temperatures. The fundamentals of this test are explained 

carefully in Chapter 4. The test consists in a set of different heating ramp rates in air 

(experiment executed using heating rates of 3, 5, 7, 10, 20, 30, 40 and 50
o
C min

-1
). 

There are key values that can be obtained from this test: a) derivatives of weight 

against time; and b) the slope of the derivative plot in the linear segment of the curve, 

at low temperature. 

This information can be plotted to form a profile of heating ramp rate vs slope 

obtained, which is unique for each sample and possibly relates to the self-heating 

phenomena. 

v) Absorption of oxygen: This test identifies samples which absorb oxygen at low 

temperature whilst being heated at a slow ramp rate in air (executed twice using 
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heating rates of 3 and 5
o
C min

-1
 under an air atmosphere). There are key values that 

can be obtained from this test: a) initial temperature (the stage at which an increase 

in sample weight starts); b) peak temperature (where increased weight of the sample 

reach a maximum); and c) % of maximum oxygen absorption (% of weight reached 

in the peak temperature). This test considers just the net oxygen adsorption and its 

fundamentals are explained in Chapter 4. 

3.4.2 Differential Scanning calorimeter 

Differential scanner calorimeter (DSC) is used to study the heat released at low 

temperatures during volatilization and oxidation. In this case, a nitrogen atmosphere 

is used to study of the heat of volatilization of the sample; and an air atmosphere is 

used to measure the heat of O2 adsorption.  

3.4.2.1 Equipment used for sample analysis  

A differential scanner calorimeter model Q2000 (TA instruments Co.), with auto 

sampler for 50 Tzero aluminium crucibles, and a temperature accuracy of ±0.01
o
C 

was used. The sample size range was 4 to 20mg, and the gas flow was set at 100ml 

min
-1

 to have equivalence with the TGA analysis. In this instrument the atmosphere 

used is nitrogen. Alternatively, a differential scanner calorimeter model Q10 (TA 

instruments Co.), with a temperature accuracy of ±0.01
o
C was also used. The sample 

range was 4 to 20mg, and the gas flow was set at 100ml min
-1

. In this instrument the 

atmosphere used was air (21O2-79 N2). 

3.4.2.2 Sample preparation and analysis 

For both instruments, the procedure for loading the sample is similar and it is 

described as follows:  

a) Aluminium crucibles were clean and tared manually in a precision balance.  
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b) Approximately 10mg of sample was placed in the aluminium crucibles 

(preparation of sample described in Section 3.2.3).  

c) An aluminium lid was placed over the top of the pan, and then compressed by 

using a hand press (executed when N2 atmosphere is used). 

d) Crucibles were located in the auto-sample tray of the instrument. 

e) The experiment is run using software control.  

3.4.2.3 Methods 

i) Heat of volatile and water release: For this procedure, 10mg of pulverized coal 

sample was placed into the sample pan and then exposed to a heating ramp under a 

Nitrogen atmosphere (experiment executed twice using 10 and 20
o
C min

-1 
heating 

ramps). The temperature range of these experiments varied from ambient 

temperature to 300
o
C. From this test heat evolution profiles were obtained, which 

related to the mass evolution profiles. Also, profiles were compared with the same 

procedure but executed in air to observe the net heat evolution produced by the 

oxygen adsorption. 

ii) Heat of oxygen adsorption: For this test, 10mg of pulverized coal sample was 

placed into the sample pan and then exposed to a heating ramp under air atmosphere 

(experiment executed using 5, 10 and 20
o
C min

-1 
heating ramps). The temperature 

range of these experiments varied from ambient temperature to 300
o
C. From this test 

were obtained the heat evolution profiles under air, which were used to obtain the net 

heat evolution produced by the oxygen adsorption in coal particles. 

3.4.3 Prototype reactor for thermal analysis of a large sample  

A thermal reactor was designed at Nottingham to achieve two main objectives: Study 

the chemical behaviour of the sample at a slow ramp of temperature, measuring 

simultaneously the weight loss, the gas released and the temperature in real time at 
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different positions (crossing point temperature test, CPT); and produce sufficient 

material for studying the degree of oxidation using reflectance analysis. 

3.4.3.1 Reactor design 

i) Furnace reactor: This apparatus was a vertical tubular furnace, powered by three 

heating elements (top, centre and bottom), and managed by an external controller 

unit in a temperature range between room temperature to 1000
o
C. The furnace had a 

diameter of 0.06m and 0.75m of length, with a sealed connection for gas extraction 

at the top. Dry air was fed into the furnace by an air diffuser installed at the bottom 

of the unit. The diffuser was connected to a compressed air supply line and 

controlled by a flow meter in the range 1-6L min
-1

, which was installed in the line 

before the diffuser. The entire installation is shown in Figure 28. 

 

Figure 28: Diagram of experimental reactor. 

ii) Sample holder and temperature reading system: The sample holder was a 

stainless steel cylinder of 100ml of capacity. The diameter of this was 0.05m; the 

length was 0.08m; and the net volume was 98.9ml. The metallic recipient had 7 
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holes, with 13 thermocouples set at different positions (Figure 29). Also, the sample 

holder rest on a platform, which is connected by a rigid base to a balance, thermally 

protected using high temperature ceramic insulation (Figure 30).  

 

Figure 29: Diagram of sample holder designed. The heat transfer is restricted to the 

axial edge and the mass transfer is restricted to the top of the sample holder.  

All thermocouples were K type and 0.6m in length, model SuperOMEGACLAD XL 

(sheathed-quick disconnect with miniature size plug; Chromel-Alumel type with an 

insulated junction and minerally insulated body, Omega brand). Seven of these had a 

diameter of 1mm, and were located 35mm from the bottom of the sample holder 

(Figure 29, blue colour). Five thermocouples had a diameter of 0.5mm and were 

located 25mm from the bottom of the sample holder (Figure 29, red colour). Finally, 

a single thermocouple with a diameter of 1mm was located exactly in the centre top 

of the sample holder (Figure 29, yellow colour). 
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Figure 30: Sample holder structure, which was positioned on a balance.  

All thermocouples were connected to two Picolog data acquisition system model 

TC-08, with an automatic cool junction adjustment for each thermocouple. The 

device allowed temperature readings in real time, with a maximum sample rate of 1 

reading per millisecond. Both devices are controlled by a script executed in Labview 

(described in Section 3.6), which allows the user to set the sample rate.      

iii) Gas analysis system: A vacuum pump collected the flue gas from the top of the 

furnace and pumping this through a heat exchanger to reduce its temperature from a 

maximum of 400
o
C (maximum temperature of design) to 30

o
C, in order to achieve 

an appropriate temperature for the gas analyzer system (below 40
o
C). Two filters 

were installed to capture the particulate matter and moisture present in the gas. The 

first filter was a glass cylinder filled with glass wool; and the second, a drying filter 

made from glass and filled with silica gel particles; both located between the pump 

and the heat exchanger (as it is shown in Figure 28). After the pump, a fraction of the 
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flue gas was fed into the gas analyzers (designed capacity of 50-200ml min
-1

 per 

channel). The normal operational flow was 80ml min
-1

 per channel, and the 

remaining gas was sent to a fume extraction.  

The gas analysis was carried out using a Servomex 1440D gas analyzer, with an 

analogue output in the range of 0-12V that was connected to the data acquisition 

system. The first analyzer was capable of measuring CO and CO2 concentration in 

the range of 0.0 to 20.0%. The second analyzer measured O2 and CH4 concentrations 

in the range of 0.0 to 25.0% for O2 and 0.0 to 5.0% for CH4. In both cases, the 

reading was in real time, with a maximum sample rate of 1 reading per millisecond. 

It was also controlled by a script executed in Labview (described in Section 3.6), 

which allowed the user to control the sample rate.      

iv) Mass analysis system: A balance model Explorer-Pro 6102 (Ohaus) was used to 

record the mass of the sample during the experiment. The balance provided an 

analogue output in the range of 0-12V, and it was connected directly to a computer 

thought a COMM port by means of a RS-232 cable. The balance was located below 

the centre of the furnace, to allow a reading of the weight in real time, with a 

maximum sample rate of 1 reading per second. Labview was used to control the 

instrument, allowing the user to set the sample rate. 

v) Data acquisition system (DAQ): The circuit for data acquisition is shown in 

Figure 31. This circuit was used to drive all the analogue signals through a series of 

devices to a computer. Then, the signals were cleaned, processed and saved in real 

time using a program code wrote in Labview 9.0, which at the same time allowed the 

synchronization of all the instruments, standardising the sampling rate for all the 

signals. The default sampling rate was 5 readings per second (algorithm details are 

given in Section 3.6). Finally, a picture of the whole system is shown in Figure 32. 
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Figure 31: Diagram of the data acquisition system.  

 

Figure 32: Photograph of the reactor system. 

3.4.3.2 Sample preparation and analysis  

i) Preparation of coal samples: For all coal samples, 100g were weighted and 

placed into the sample holder. Initially, half of the sample was introduced after 
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which it was ensured that all gaps between thermocouples were filled. Then, the 

sample holder is shaken followed by the introduction of the remaining material. In 

the case of low density samples, hand pressing was used to charge the material. 

Finally, the surface edge of the cylinder was left flat, 1mm below the level of the top 

thermocouple.  

ii) Preparation of biomass samples: For this experiment, the amount of sample was 

relative to the type of biomass used, depending on their respective density. For all 

grain textured biomass, the procedure was similar to that these used for coal, but 

with approximately 60g (enough to fill the sample holder). In the case of fibre 

textured biomass, the amount of sample was reduced to approximately 35g.  

iii) Preparation of coal-biomass blends samples: For this experiment, the amount 

of sample was set to 90g (enough to fill the sample holder). The blending process 

was implemented in situ, and the experimental procedure was similar to that used for 

coal samples. 

3.4.3.3 Experimental procedure 

i) Experiment (A): 100g of sample was placed in the sample holder and located in 

the experimental position over the balance and in the centre of the furnace. Then, 

thermocouples were connected to the interface data logger, which was already 

connected to the main PC unit. The pumping system was switched on, and a gas flow 

of 80ml min
-1
 was set up to feed the gas analyzers. After all these steps, the balance 

was tared. When all instruments were running, the mass, temperature and 

concentration readings were checked by the software (described in Section 3.6). 

Finally, the software starts recording all the variables measured, and the furnace 

controller simultaneously initiates the heating stage. A heating ramp of 0.5
o
C min

-1
 

was applied to the sample holder. When the oven temperature reaches 300
o
C, the 
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furnace is switched-off and the cooling stage starts. In this case, the sample was 

cooled down naturally inside the furnace and the profile of cooling was also recorded. 

Finally, when the temperature of all thermocouples reached 30
o
C, the data recording 

was stopped and sample was removed and disposed of. 

ii) Experiment (B): Experiment B used the same initial conditions as experiment 

(A). The recording of all the variables starts simultaneously with the furnace heating. 

With experiment B a heating ramp of 0.5
o
C min

-1
 was used but as the oven 

temperature reached 250
o
C, all data recording was stopped and the sample was 

removed from the centre of the furnace. Afterwards, the sample holder was cooled 

down by a cotton sponge saturated in water. Approximately 5 minutes was needed to 

cool the temperature from 250 to 50
o
C. After that, the material was removed from 

the sample holder and spread in a metallic tray for two minutes to reach a 

temperature of ~30
o
C. Finally, 10g of the material is saved in a crystal bottle (to be 

used in the small sample size experiments), and the remaining is stored in a vacuum 

sealed plastic bag.  

3.5 Microscopy and spectroscopy of coal and biomass 

Microscopy was also used to characterize coal samples for two main studies: the 

characterization of the material structure; and the determination of optical properties 

of coal and biomass. In both cases, the observations were performed manually 

(classical approach) and using automated image analysis (using image processing 

algorithms developed specifically for this research).  

3.5.1 Reflected Light Microscopy and Oil immersion techniques 

For this study, Reflected Light Microscopy was used with an oil immersion objective 

lense, which increased the contrast between the sample and the mounting media. 

Standard analysis such as maceral content and rank analysis was carried out, as well 
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as classification of shape, measurement of particle size, area and porosity using 

image analysis.  

3.5.1.1 Equipment used for sample analysis 

A reflected light microscope model Leitz Orthoplan II POL-BK, with oil-immersion 

objectives was used. The microscope had a 10X eyepieces, and several objective 

lenses in a range of 10 to 50X magnification, which provide a total magnification 

range of 100 to 500X. The microscope also had a colour digital Zeiss AxioCam 

camera with a 2-axis automated stage control, to allow the synchronization between 

the stage and the digital camera in order to obtain mosaic images. The camera was 

connected to a computer using an optic fibre cable and operated with KS400 V3.1 

software.  

3.5.1.2 Sample preparation and analysis  

i) Petrographic blocks preparation: There are two types of block mounting which 

are described as follows:  

a) Cold mounting (for biomass and soft materials): particles were placed in 

plastic moulds (3cm diameter), and embedded in Epoxy liquid resin in a 

proportion of 3:10 (% weight) respectively. Then, the material was placed in a 

vacuum impregnator for 15 minutes, and then left 24 hours for drying.  

b) Hot mounting (coal and coke materials): in this case, particles were 

homogeneously blended in a proportion of 3:2 (% weight) with Carnauba paraffin 

wax. Then, the material was placed in the metallic container of a pressure 

mounting machine model Labopress-3 (Struers), filling the top with 10g of pure 

Carnauba paraffin wax (to increase the thickness of the block). Then, the mixture 

was heated at 25KN of pressure to 150
o
C for 10 minutes, and cooled by water for 
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10 minutes. Finally, the solid block was removed from the machine, ready for the 

polishing step. 

ii) Block polishing: For cold and hot mounting, the polishing procedure was similar. 

An automatic metallographic polisher model Rotopol (Struers), with a range of speed 

of 150 to 300rpm is used. Firstly, blocks were polished at 150rpm for 2 minutes and 

20N of pressure using a 600 grit grinding paper. Consecutively, the same procedure 

is repeated using a 1200 grit grinding paper. Then, the blocks were polished using 

2400 grit grinding paper for 40 seconds under 15N of pressure and 150rpm. After 

this, the material was polished using a 4000 grit grinding paper for 20 seconds under 

15N of pressure and 300rpm. Finally, the material was polished using a colloidal 

silica suspension of 0.04µm, for 2 minutes at 15N of pressure and 150rpm, to obtain 

a resolution of 0.04µm in the final stage of polishing. 

3.5.1.3 Methods 

i) Maceral analysis [181]: In this test, the maceral groups described in Chapter 2 

(Section 2.2.1, H) were identified following the British Standard procedure for 

Maceral analysis [181]. The proportions of Maceral groups were determined by a 

manual or automated point count procedure, considering 250 points, and four 

maceral groups (vitrinite, semifusinite, fusinite and liptinite). Each point was 

positioned using a mechanical stage, capable of advancing the specimen laterally in 

equal steps, with a single count per particle. For this, the step length must be set as a 

half of the maximum particle diameter (for more details, refer to the standard [181]). 

ii) Rank analysis [105]: 

In this case, the British Standard procedure was used for coal rank analysis. 

Experimental conditions required a standard and stable source of light with a 

wavelength of 546nm, which was reflected at near normal incidence from a specified 
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area of a well-polished vitrinite particle, under an oil immersion objective. The 

reflected beam is measured using a photomultiplier (or similar device), and 

compared with the light reflected under identical conditions from a standard 

reference (sapphire and glass, in this case). The procedure required a minimum of 

100 points to be measured, obtaining a maximum, minimum and average value from 

the reflectance histogram of the sample (for more details, refer to the standard [105]). 

iii) Automated image acquisition and image analysis: Colour mosaic images of 15 

by 15 were captured automatically for each sample using an automated system 

described in the previous section. The procedure to operate the microscope was 

similar to those described for Maceral and Rank analysis. In this case, the exposure 

time of the camera was adjusted automatically for the program KS-400, using a 

calibration procedure with a sapphire or glass standard. The mosaics were converted 

to a grey scale format to obtain a grey scale histogram (as described in Chapter 2) 

using a code developed in Labview (described Section 3.6). Images were used to 

obtain parameters such as particle size distribution, and area of the total number of 

particles per block, or for single particles as well.   

3.5.2 Scanning electron Microscope  

A Scanning Electron Microscope was used to study the surface of particles and 

changes in internal structure of both, biomass and coal samples. Two techniques 

were used: a) adhesive disks for surface analysis, and b) polished surfaces for 

internal structure analysis. 

3.5.2.1. Equipment used for sample analysis  

EDAX-SEM analysis was carried out using a Scanning Electron Microscope model 

Quanta 600 with energy dispersive X-ray. This SEM was also combined with a 
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mineral liberator analyzer software (MLA) that provides a tool to relate mineral 

content with surface area for biomass and coal particles analysis. 

3.5.2.2 Sample preparation and analysis  

i) Surface analysis (A): Adhesive disks samples are prepared using particles below 

1mm of diameter, separated after a gently hand sieving. Then, these were spread 

manually over the surface of an aluminium carbon adhesive disk, removing all 

particles not attached to the surface by a manual blower. Finally, carbon disks were 

exposed directly to the electron beam. 

This test allowed qualitative analysis of the characteristics of particles including 

macro porous structure, volumetric geometry and specific features presented such as 

ash deposition, identified using EDAX analysis. This test was used performed for 

fast visual analysis, prior to quantitative analysis. 

ii) Cross section analysis (B): Polished blocks were prepared using the same 

procedure described previously (Section 3.5.1). Then, blocks were treated in a 

vacuum chamber to remove volatiles and moisture absorbed, prior carbon coating 

which increased the conductivity in the surface for higher magnification analysis.   

From this test, it was possible to analyse and quantify the mineral content and crystal 

structure linked to the specific areas of particles. From this test was it also possible 

to calculate parameters associated with the particle morphology, especially for 

materials that could not be analyzed using Reflected or Transmitted light 

microscopes such as cross section of biomass particles. In the same way, stored 

image mosaic could also be quantified using image analysis algorithms. 

3.6 Software designed for control, data acquisition and data analysis 

A set of computational algorithms were written to facilitate the data acquisition and 

analysis of online instruments, as well as the analysis of images. All these codes 
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were developed in Labview 2009 (version 9.0) from National Instruments. The 

specific details of the software are shown in Appendix 1. 

3.6.1 Software designed for data acquisition 

The variables to be acquired in real time are mass, temperature and gas concentration. 

Each of these signals comes from a specific instrument using a single interface. Once 

the computer has established communication with the instrument, the reading 

process can be executed by a simple algorithm, which is shown in Figure 33. The 

main program synchronizes the execution of all these loops (one for each variable 

measured), delivering a single file with the information recorded at the end of each 

experiment. In all these cases, the default sampling rate was 1 reading every 5 

seconds. The initial input of the program was the initial mass of the sample to be 

tested. The graphic interface developed for each loop is presented in Appendix 1. 

 

Figure 33: Loop sequence executed for data capture using the system described in 

Figure 31.  

3.6.2 Algorithm used for data processing  

An integrated algorithm is used for data processing of the signal obtained from the 

reactor described in Section 3.4.3. The aim of this program is to prepare the output 
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signal coming from the data acquisition system shown in Figure 141, before analysis. 

In this case, the signal is divided into different single channels, with applied filters 

for noise removal, as shown in the diagram in Figure 34 by the icon Time Averaging. 

Also, new output channels are created by the calculation of derivatives (e.g. mass to 

obtain mass loss rate); as well as the differential temperature profiles by subtracting 

a blank temperature profile. Finally, the voltage reading from the concentration 

analyzer is transformed and filtered into percentage units. This program has been 

written in Labview, and applied after the experimental testing. 

 

Figure 34: Algorithm used for data processing and filtering. 

3.6.3 Program used for image analysis 

A set of algorithms were developed for analysing mosaic images. All these 

algorithms follow a similar sequence: a) image acquisition; b) manipulation of the 

image (to obtain a grey scale image and to remove noise); and c) the application of 

sub-codes to obtain particular information from the image. The first algorithm was 

designed to obtain grey scale histogram (shown in Figure 35). These histograms 



Chapter 3. Experimental methods for spontaneous combustion research 

108 

 

were compared in order to obtain difference between samples, as well as for 

comparison between fresh and oxidized samples. 

 

Figure 35: Algorithm developed for histogram acquisition. 

The second algorithm was designed to perform a morphologic characterization of 

particles. In this case, the original image obtained using the automated microscope 

system was standardized at grey scale, and then cleaned by a Fourier transform filter. 

After this, the image is transformed to a binary mode by using a threshold histogram, 

removing all material between 0 to 50 grey scale units (GSU) and leaving the 

remaining in a unique colour tone. From this manipulated image, it is possible to 

perform a particle analysis test to calculate morphologic parameters [200]. The 

algorithm (shown in Figure 36) used the Vision Assistant of Labview, in order to 

process a large number of images. A database for each image was generated, 

containing the following parameters: diameter of particle (maximum and minimum); 

area of particle (with pores and without pores); roundness; percentage of pores per 

particle; maximum and minimum length per particle; and the total number of 
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particles analysed. These data were used to compare between samples and quantify 

the impact of the oxidation.  

Finally, a third algorithm was partially developed to quantify the thermal alterations 

produced in treated coal samples. However, this test was performed manually due to 

the complex implementation of this in a computer code (the algorithm is shown in 

Appendix 1).  

 

Figure 36: Algorithm developed for morphologic characterization of particles. 
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Chapter 4. Thermal analysis of coal at low temperature 

4.1 Thermal characterization of fresh coals 

4.1.1 Proximate analysis  

Proximate analysis was carried out on fresh coal samples. The results are shown in 

Table 10, from which samples can be classified as standards sub-bituminous and 

bituminous coals, according to existing correlations used by the coal industry [238]. 

These correlations establish two specific relationships: A) water content is inversely 

proportional to the fixed carbon content, and at the same time, it is directly 

proportional to the volatile content; and B) water content is inversely proportional to 

the fuel ratio (volatile/carbon).  

Table 10: Proximate analysis of coal samples used 

Coal  

As received Dry, ash free basis 

Moisture 

(wt.%)  

Volatiles 

(wt.%)  

Fixed 

Carbon 

(wt.%)  

Ash 

(wt.%)  

Volatiles 

(wt.%) 

Fixed 

Carbon 

(wt.%)  

Carbon/ 

Volatiles 

(wt.%)  

Hambach 37.5 38.1 23.1 1.3 62.2 37.8 0.6 

North Dakota 22.0 31.2 39.6 7.2 44.1 55.9 1.3 

Fenosa 10.9 43.3 43.8 2.0 49.7 50.3 1.0 

Nadins 7.4 35.6 50.4 6.7 41.4 58.6 1.4 

Orupka 6.0 37.7 48.0 8.3 44.0 56.0 1.3 

Asfordby 5.5 35.3 57.3 2.0 38.1 61.9 1.6 

Lea Hall 5.5 35.2 57.4 2.0 38.0 62.0 1.6 

Yanowice 5.1 26.9 60.8 7.3 30.7 69.3 2.3 

Littleton 5.0 31.9 51.5 11.6 38.2 61.8 1.6 

La Jagua 4.3 36.2 58.4 1.2 38.3 61.8 1.6 

Ironbridge 4.1 34.9 52.4 8.6 40.0 60.0 1.5 

Zondag 1 3.9 27.0 61.3 7.8 30.6 69.4 2.3 

Indo 3.8 30.8 50.9 14.4 37.7 62.3 1.7 

La Loma 3.8 45.1 39.3 11.9 53.5 46.5 0.9 

Illinois #6 3.7 38.0 43.8 14.6 46.5 53.5 1.2 

Bentinck 3.6 33.9 56.8 5.7 37.4 62.6 1.7 

Kaltim prima 3.5 38.0 54.5 4.0 41.1 58.9 1.4 

Blue Creek 3.5 28.9 59.7 7.9 32.7 67.3 2.1 
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Table 10, continuation 

Coal 

As received Dry, ash free basis 

Moisture 

(wt.%)  

Volatiles 

(wt.%)  

Fixed 

Carbon 

(wt.%)  

Ash 

(wt.%)  

Volatiles 

(wt.%)  

Fixed 

Carbon 

(wt.%)  

Carbon/ 

Volatiles 

(wt.%)  

Kleinkopje 3.5 22.8 54.9 18.8 29.3 70.7 2.4 

El Cerrejon 3.5 36.7 58.1 1.8 38.7 61.3 1.6 

Daw Mill 3.3 34.9 56.3 5.5 38.3 61.7 1.6 

Indiana EDF 2.8 33.2 53.1 10.9 38.5 61.5 1.6 

Sines 2.7 27.8 56.2 13.4 33.1 66.9 2.0 

Goedehoop 2.3 25.7 57.9 14.1 30.7 69.3 2.3 

Hunter valley 2.2 27.3 52.3 18.2 34.3 65.7 1.9 

Bulawayo 1.6 26.5 61.7 10.2 30.1 70.0 2.3 

DeepNavigation 1.0 10.1 81.8 7.1 11.0 89.0 8.1 

Bulli  0.9 22.3 67.5 9.4 24.8 75.2 3.0 

Pocahontas #3 0.6 18.8 75.8 4.9 19.8 80.2 4.0 

 

4.1.2 Intrinsic reactivity  of coals 

Intrinsic reactivity test was carried on all the samples (Table 11) to obtained peak 

and burnout temperatures, which are used to categorize óreactivityô. Low values for 

peak temperature represent higher reactivity, which in this case were proportional to 

the burnout values. The relationship between these parameters which are generally 

used when investigating high temperature reactions is discussed later. Finally, the 

impact of physical parameters and the influence of intrinsic reactivity in the 

spontaneous combustion tendency have not been studied yet. The dependency of the 

low temperature oxidation with these properties will be discussed in the next 

sections. 
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Table 11: Intrinsic reactivity test  (temperature values ±2
o
C) 

Coal  Peak Temp. (
o
C) Burnout Temp. (

o
C) 

Hambach 338 519 

North Dakota 354 500 

Orupka 361 503 

Fenosa 380 477 

Nadins 418 557 

Sines 456   

Illinois #6 460 560 

Asfordby 464 554 

La Loma 464 574 

Goedehoop 480 567 

Deep navigation 486 565 

Bulawayo 487 571 

Indo 489 574 

Lea Hall 490 570 

El Cerrejon 493 568 

Ironbridge 502 579 

Bentinck 507   

La Jagua 510 558 

Kaltim prima 512 580 

Hunter valley 513   

Pocahontas #3 520   

Zondag 1 526 590 

Blue Creek 530   

Bulli  534 657 

Daw Mill  535 583 

Littleton 536 574 

Yanowice 539   

Indiana EDF 541   

Kleinkopje 554   

 

4.2 Thermal analysis of coal using small sample size 

This section reports the experimental results of thermogravimetric and differential 

scanning calorimetry tests carried out for the coal samples. The objective of these 

tests was to obtain information about the inherent reaction of coal oxidation at low 
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temperature, observing basic transformation that could be associated directly to the 

reaction mechanism, as well as to be comparing the results obtained from the large 

scale thermal tests.  

4.2.1 Thermogravimetric analysis of coal at low temperature 

Two experiments were carried out using this technique. The main objectives were: i) 

to study the weight evolution at low temperature and the impact of an induced 

temperature change (Section 4.2.1.1); and ii) to study and quantify the weight 

increase produced at low temperatures (Section 4.2.1.2). 

4.2.1.1 Propensity of coal to react during a temperature change 

The basis of this study has a theoretical formulation. The focus was quantifying the 

impact on mass loss rate produced by a change of temperature (at low temperatures), 

instead of using a classical kinetic approach. The change in the rate of the reaction 

during a temperature increase gives an indication of the propensity of the sample to 

react. For coal samples, weight is a variable that depends on time and temperature 

and can be experimentally recorded continuously using the TGA. It is therefore 

possible to produce derivatives curves in time and temperature, which are defined as: 

Equation 11            ά ὪὝȟὸ 

Equation 12   ‫ ὪὝȟὸ 

These partial derivatives were obtained from a profile of mass as a function of time 

and temperature (Figure 37).  

For this work, the two major experimental approaches were used: isothermal and 

non-isothermal methods. The first keeps the sample under a constant temperature, 

during a specific period of time (in Figure 37, curves parallel to the time axis). The 

second exposes samples to a constant heating rate (in Figure 37, coloured curves). 
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Then, different non-isothermal TGA tests reveal the full map of the sample weight as 

a function of these variables (T, t). In the same way, mass curves have continuous 

derivatives, which represent the weight loss rate. This information (obtained at low 

temperature) was the basis of the first test developed.   

 

Figure 37: Mass profile as a function of time and temperature. Coloured lines 

represent different heating rates. 

Experimentally, weight loss profiles were obtained for all coal samples using several 

heating ramps in the TGA (1, 3, 5, 7, 10, 20, 30, 40 and 50
o
C min

-1
). From these, 

derivative curves in time were calculated for each coal sample and for each heating 

rate. For a standard coal sample at the initial stages of heating, the derivative curve 

exhibits a linear segment that was approximated by a linear trend, as can be seen 

from Figure 38. These results were found for all the samples without exception, as a 

characteristic response at low temperatures. 

The linear stage of the derivative weight loss took place immediately after the main 

moisture release (90-120
o
C), finishing with an increasing devolatilisation rate that 

leads to the main combustion reaction (approximately at 300-350
o
C). The 

temperature range of this linear period was slightly higher than reported for the 
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mechanism of the spontaneous combustion reaction; however, this represents the 

early stages of oxidation, which could be related to the self-heating phenomenon. As 

can be seen from Figure 38, these linear trends also depend on the heating rate, and 

this specific characteristic produced a relationship between heating rate and mass 

loss for each sample. 

 

Figure 38: Derivative curves obtained for a standard coal sample under different 

heating ramps. At low temperature, all samples showed a linear segment. 

At low heating rates (1 to 20
o
C min

-1
) there was a direct relationship between the 

slope of the linear segment of the derivative curve, with the respective heating rate 

applied (Figure 39). Considering higher heating rates, it was observed that this 

actually corresponded to a sigmoid (higher order). However, the regression 

coefficient of the linear approximation was close to 1 for all the coal studied, and 

then it was considered as a linear tendency for this study. Subsequently, the slope of 

this profile was defined as the TGspc index (thermogravimetric spontaneous 

combustion index), which was particular for each coal sample (slope of Figure 39).  
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Figure 39: Heating ramp applied against slope of derivative curves (linear period) for 

two coals. These profiles are unique for each sample. 

The TGspc index can be expressed mathematically as the ratio between the weight 

loss rate variation and the temperature change due to an external source: 

Equation 13   ὝὋ
Ў   

Ў
 ύὸ Ϸ ᴈ  άὭὲ  

The same procedure described was applied for all samples and the results are 

presented in Table 12 (Additional sample profiles are shown in Figure 40).  
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Figure 40: Derivative profiles obtained for selected coal samples (Kaltim Prima, El Cerrejon, Illinois #6, and Fenosa coals). 
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Table 12: Slopes obtained for different heating ramps applied (wt % 
o
C

-1
 min

-1
) 

Coal 
Heating Ramp applied (

o
C min

-1
) 

3 5 7 10 20 30 

Fenosa 0.0291 0.1047 0.1648 0.3727 1.3010 2.6500 

Orupka 0.0410 0.0888 0.1949 0.3625 1.3150 2.6270 

North Dakota 0.0384 0.1319 0.2032 0.4838 1.8310 3.9970 

Hambach 0.0082 0.0275 0.0348 0.1282 0.3433 0.7042 

Illinois #6 0.0209 0.0634 0.0950 0.2150 0.7096 1.2490 

Pocahontas #3 0.0331 0.0733 0.1339 0.2365 0.6447 1.2520 

Indiana EDF 0.0118 0.0332 0.0507 0.0934 0.2547 0.4441 

La Jagua 0.0181 0.0419 0.0731 0.1300 0.4232 0.9041 

La Loma 0.0179 0.0516 0.0821 0.1810 0.5566 1.1140 

El Cerrejon 0.0208 0.0599 0.0923 0.1965 0.5823 1.1010 

Blue Creek 0.0211 0.0531 0.0943 0.1692 0.5150 0.9314 

Bulli  0.0321 0.0466 0.1381 0.1452 0.4329 0.7247 

Hunter valley 0.0200 0.0500 0.0894 0.1788 0.5281 1.0210 

Kaltim prima 0.0222 0.0540 0.1022 0.1906 0.6608 1.2660 

Indo 0.0196 0.0435 0.0896 0.1494 0.4985 1.0690 

Goedehoop 0.0203 0.0419 0.0912 0.1692 0.5596 1.1110 

Kleinkopje 0.0121 0.0323 0.0495 0.0885 0.2882 0.5200 

Bulawayo 0.0244 0.0608 0.1082 0.1976 0.5886 1.1150 

Zondag 1 0.0207 0.0421 0.0871 0.1268 0.4043 0.7614 

Sines 0.0224 0.0565 0.1042 0.1858 0.6146 1.1800 

Littleton 0.0171 0.0415 0.0705 0.1198 0.3743 0.7262 

Daw Mill  0.0140 0.0350 0.0601 0.1052 0.2792 0.7015 

Yanowice 0.0126 0.0321 0.0527 0.0922 0.2611 0.5530 

Asfordby 0.0233 0.0532 0.0931 0.1646 0.4169 0.9670 

Lea Hall 0.0189 0.0457 0.0755 0.1368 0.4264 0.8155 

Bentinck 0.0075 0.0261 0.0381 0.0757 0.1694 0.2931 

Nadins 0.0160 0.0305 0.0669 0.1076 0.3269 0.6776 

Ironbridge 0.0177 0.0477 0.0782 0.1247 0.4384 1.0210 

 

The selection of the heating ramp applied and the comparison of the TGspc index 

between samples are discussed as follows: 

i) Selection of heating ramps applied: The TGspc index calculated depends 

on the heating rate. When this index was calculated using a set of lower heating rates, 
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the TGspc value changed considerably compared to the higher heating rates. 

Considering the actual rate observed during actual spontaneous combustion 

occurrences (a negligible rate increase), the use of slow heating rates allows a closer 

observation of the real phenomenon. However, at the same time there was a need to 

optimize between the experimental testing time required to generate a result and the 

reliability of the results themselves. For this reason, several values of the TGspc were 

calculated using an increasing number of points for each coal sample (Table 13), 

with the aim to find the optimum set of heating rates. 

As expected, when the TGspc was calculated using slow heating rates (3,5,7,10
o
C 

min
-1

), the value was lower than those obtained when using higher heating ramps 

(3,5,7,10,20,30
o
C min

-1
). However, despite the difference in values, a comparative 

plot revealed that these differences were similar for all samples (Figure 41). 

Additionally, the associated deviation coefficient of the linear approximation for 

each set of experiments (r
2
) was similar and close to 1 for all the tests. 

 

Figure 41: Graphic comparison of the TGspc index, considering an increasing number 

of heating rate values used. 
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Table 13: TGspc index by using different number of heating rates (% 
o
C

-1
 min

-1
) 

 Ramp used (
o
C min

-1
) 

Coal 3,5,7,10 3,5,7,10,20 3,5,7,10,20,30 

 TGspc index r
2
 TGspc index r

2
 TGspc index r

2
 

Fenosa 0.048 0.96 0.077 0.97 0.098 0.97 

Orukpa 0.047 0.98 0.078 0.97 0.097 0.98 

North Dakota 0.063 0.95 0.109 0.97 0.147 0.96 

Hambach 0.011 0.99 0.018 0.97 0.018 0.99 

Illinois #6 0.027 0.96 0.042 0.98 0.047 0.99 

Pocahontas #3 0.029 0.99 0.037 0.99 0.045 0.98 

Indiana EDF   0.012 0.99 0.015 0.99 0.016 0.99 

La Jagua 0.016 0.99 0.025 0.98 0.033 0.97 

La Loma 0.023 0.96 0.033 0.98 0.041 0.98 

El Cerrejon 0.025 0.97 0.034 0.99 0.040 0.99 

Blue Creek 0.021 0.99 0.030 0.99 0.034 0.99 

Bulli  0.018 0.83 0.024 0.97 0.026 0.99 

Hunter valley 0.023 0.98 0.031 0.99 0.037 0.98 

Kaltim prima 0.024 0.98 0.039 0.98 0.047 0.98 

Indo 0.019 0.99 0.029 0.98 0.039 0.97 

Goedehoop 0.022 0.98 0.033 0.98 0.041 0.98 

Kleinkopje 0.011 0.99 0.017 0.98 0.019 0.99 

Bulawayo 0.025 0.99 0.034 0.99 0.041 0.99 

Zondag 1 0.016 0.99 0.023 0.98 0.028 0.98 

Sines 0.024 0.99 0.036 0.98 0.043 0.98 

Littleton 0.015 1.00 0.022 0.98 0.026 0.98 

Daw Mill  0.013 0.99 0.016 0.99 0.025 0.94 

Yanowice 0.011 0.99 0.015 0.99 0.020 0.97 

Asfordby 0.020 0.99 0.024 1.00 0.034 0.96 

Lea Hall 0.017 0.99 0.025 0.98 0.030 0.98 

Bentinck 0.010 0.98 0.010 1.00 0.011 1.00 

Nadins 0.014 0.98 0.019 0.99 0.024 0.97 

Ironbridge 0.015 1.00 0.025 0.97 0.036 0.95 

 

The set of heating rates 3,5,7,10,20
o
C min

-1 
was selected based on the deviation 

coefficient and the time needed to perform the experimental testing. This selection 

allowed the index calculation of a single coal sample in a day of experimental work, 
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whilst using the slowest possible heating ramps. Lower heating ramps required a 

considerably longer experimental time, whilst producing a similar trend. Figure 41 

shows that the significance of the TGspc index is relative to other samples rather than 

an absolute value. Finally, it was concluded that the use of this indicator must be 

standardized by defining a sample as a standard case, which shows the limit between 

high risk for spontaneous combustion and safe. 

ii) Comparison of TGspc index between samples: Figure 42 shows the 

second order profiles for all the samples studied. It was observed that high reactive 

coals samples (e.g. N. Dakota & Fenosa) showed higher values for the TGspc index. 

The lowest values resulted from known low óreactiveô coals. These results agreed 

with the available data about spontaneous coal fires suffered by these coals. It also 

agreed with parallel experimental tests carried out including the crossing point 

temperature test and rank analysis shown later.  

 

Figure 42: Comparison of the second order slopes with the heating ramp applied.  
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Considering the information showed in Figure 41 and Table 13, samples were 

classified in 5 groups by a decreasing order of the TGspc index, which was associated 

with high to low reactivity (Table 14). From this, all samples included in group 1 are 

well known high risk coals. Group 2 included some reactive samples such as Kaltim 

Prima, El Cerrejon, and Illinois #6, which had presented incidents of spontaneous 

fires.  

Table 14: Coal classification in decreasing order of TGspc index 

Group Characteristic Coal 
Agreement with historic 

information  

1 
High reactive at 

low temperature 

North Dakota 

Fenosa 

Orukpa 

Excellent (clearly identified) 

Excellent (clearly identified) 

Excellent (clearly identified) 

2 
Reactive at low 

temperature 

Illinois #6 

Bulawayo 

El Cerrejón 

Kaltim prima 

Sines 

Pocahontas #3 

Very good 

Good 

Very good 

Very good 

Poor (unreactive) 

Good 

3 
Less reactive at 

low temperature 

La Loma 

Hunter valley 

Goedehoop 

Blue Creek 

Indo 

Very good 

Poor (unreactive) 

Poor (unreactive) 

Poor (not reactive) 

Poor (not reactive) 

4 Not reactive 

Ironbridge 

Asfordby 

La Jagua 

Lea Hall 

Zondag 1 

Littleton 

Bulli  

Very good 

Poor (reactive) 

Poor (reactive) 

Poor (reactive) 

Very good 

Very good 

Very good 

5 
Unreactive at low 

temperature 

Daw Mill  

Nadins 

Yanowice 

Kleinkopje 

Hambach 

Indiana EDF 

Bentinck 

Poor (reactive) 

Poor (reactive) 

Very good 

Very good 

Very good 

Good 

Good 
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4.2.1.2 Weight increase at low temperature 

When coal samples were exposed to air under a heating ramp in the TGA, oxygen 

adsorption took place across the temperature range of 100 to 300
o
C. This response 

was identified by a small weight increase, and corroborated by information obtained 

from previous research, which discussed the same phenomenon. This oxygen 

adsorption was the key argument to sustain the actual mechanism of the self-heating 

reaction, in which the formation of solid carbon-oxygen complexes on the coal 

surface identified as the first stage of this reaction, followed by exothermic 

desorption producing a temperature increase in the coal bed (reviewed in Chapter 2).  

Figure 43 shows the thermogravimetric profiles for different coal samples, organized 

by geographic origin and coal type. These profiles were obtained using a slow 

heating rate in air (3
o
C min

-1
). The same phenomenon can be observed when using 

higher heating ramps; however, the absorption rate decreased when the contact time 

between the sample and air was reduced (higher heating rates meant reduced 

segments of contact time at low temperatures). 

From this initial observation, two arbitrary heating rates were selected (3 and 5
o
C 

min
-1

) to quantify the oxygen absorption among samples using the TGA. In both 

cases, it was possible to identify 3 main parameters: a) maximum weight increase; b) 

initial temperature (at the start of the weight increase); and c) peak temperature, 

which is the temperature at which the maximum weight increase is produced. The 

results are shown in Table 15. For both heating ramps the weight increase varies 

from 0.0% to a maximum of 4.37%. In all cases, it was higher for the slow heating 

ramp applied (ñ% diff. Increaseò column in Table 15). As can be seen, the reduction 

in heating rate resulted in an increase of up to 80% oxygen adsorption. 
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A 
B 

C D 

Figure 43: Low temperature weight increase for coal samples obtained by using a 3
o
C min

-1
 heating ramp in air. Lignite samples (A); 

British coals (B); South and North America coals (C); and Australia, South Africa and Indonesian coals (D). 
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Considering the theoretical reaction mechanism, high reactive coals were expected to 

show the highest weight gain, due to a potential óaffinityô to absorb oxygen. 

However, five samples produced ónilô weight increase (in both experiments), and 

three of these were well known high reactive coals prone to spontaneous combustion. 

Table 15: Weight increase observed at low temperature under air atmosphere 

Coal 
Ramp applied 3

o
C min

-1
 Ramp applied 5

o
C min

-1
 % diff.  

increase % incr. Tmin Tpeak % incr. Tmin Tpeak 

Fenosa 0.00 
  

0.00 
  

0.0 

Orupka 0.00 
  

0.00 
  

0.0 

North Dakota 0.00 
  

0.00 
  

0.0 

Hambach 0.00 
  

0.00 
  

0.0 

Nadins 0.00 
  

0.00 
  

0.0 

Illinois #6 2.35 120 267 2.52 114 267 -7.2 

Pocahontas #3 4.37 112 295 4.17 103 326 4.6 

Indiana EDF   1.38 124 269 1.09 135 282 21.0 

La Jagua 0.73 124 232 0.61 169 281 16.4 

La Loma 1.24 131 261 1.14 122 256 8.1 

El Cerrejon 2.35 121 269 2.20 124 266 6.4 

Blue Creek 2.25 153 317 1.95 183 329 13.3 

Bulli  3.22 105 281 1.91 138 318 40.7 

Hunter valley 1.52 151 288 1.32 155 297 13.2 

Kaltim prima 1.53 139 276 1.21 151 284 20.9 

Indo 1.50 112 244 1.58 126 274 -5.3 

Goedehoop 2.04 121 255 0.45 144 236 77.9 

Kleinkopje 2.13 123 302 1.91 120 295 10.3 

Bulawayo 2.61 134 276 2.21 148 284 15.3 

Zondag 1 1.27 118 240 1.36 138 285 -7.1 

Sines 1.73 119 249 1.48 123 258 14.5 

Littleton 1.07 136 250 0.71 156 263 33.6 

Daw Mill  0.44 147 242 0.08 117 248 81.8 

Yanowice 0.93 131 257 0.65 145 266 30.1 

Asfordby 0.77 142 234 0.56 152 242 27.3 

Lea Hall 1.19 132 247 0.82 142 252 31.1 

Deep Navigation 3.98 121 306 3.46 133 313 13.1 

Bentinck 0.88 152 258 0.54 170 267 38.6 

Ironbridge 1.81 121 270 1.50 122 265 17.1 
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In addition, the starting and peak temperatures observed were also lower for the 

lowest heating rate applied (with a few exceptions which were within experimental 

deviation). In those cases, the minimum starting temperature recorded was 104
o
C 

and the maximum was 180
o
C. The minimum peak temperature registered was 232

o
C 

and the maximum was 330
o
C for the set of coals studied. The overall temperature 

interval recorded during these experiments was higher than the temperature range 

described by the theoretical mechanism (estimated from ambient temperature to 

150
o
C). This temperature interval corresponded to the net oxygen adsorption 

observed, which was the difference between the total oxygen adsorbed and desorbed 

during the whole process. The single contributions of these parameters cannot be 

identified in TGA by using this experimental procedure. 

4.2.1.2.1 Coal classification regarding weight increase and temperature range 

A classification of coals in terms of its weight increase and temperature range is 

shown in Table 16. For this classification, the temperature range was defined as the 

arithmetical difference between the peak temperature and the starting temperature, 

representing the temperature interval in which the oxygen adsorption was increasing. 

A combination of these two variables could be used to estimate the stability of the 

coal-oxygen complex formed for each coal. 

Table 16: Coal classification regarding weight increase and temperature range 

Group Weight increase Coal Temperature range (
o
C) 

1 
Weight increase 

not shown 

North Dakota 0 

Fenosa 0 

Orukpa 0 

Nadins 0 

Hambach 0 

(Continue next page)      . 
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Table 16, continuation 

Group Weight increase Coal Temperature range (
o
C) 

2 

Slight weight 

increase 

(0.1 to 1.2%) 

Asfordby 92 

Daw Mill  95 

Bentinck 106 

La Jagua 108 

Littleton 114 

Lea Hall 115 

Yanowice 126 

3 

Medium weight 

increase 

(1.2 to 1.8%) 

Zondag 1 121 

La Loma 129 

Sines 130 

Indo 132 

Hunter valley 137 

Kaltim prima 138 

Indiana EDF 146 

4 

Important weight 

increase 

(1.8 to 2.5%) 

Goedehoop 134 

Bulawayo 141 

Illinois #6 147 

El Cerrejón 147 

Ironbridge 149 

Blue Creek 164 

Kleinkopje 179 

5 

Major weight 

increase 

(2.5% and up) 

Bulli  176 

Pocahontas #3 182 

Deep navigation 185 

 

4.2.1.2.2 Relationship between weight increase and self-oxidation potential 

Observed weight increase can be linked directly to the self-oxidation phenomenon. 

From this observation, the potential of coals to suffer self-oxidation can be explained 

as a result of two main reactions that compete: 

1
st
 reaction: oxygen adsorption phenomena forming coal-oxygen solid 

complexes on the coal surface. 
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2
nd

 reaction: desorption of coal-oxygen solid complexes and their exothermic 

degradation in the gas phase. 

The first reaction corresponds to the initial step of the theoretical mechanism. This is 

considered an endothermic stage in which oxygen molecules are adsorbed on the 

coal surface forming coal-oxygen complexes. This was confirmed by the weight 

increase observed in the TGA. However, at early stages (below 100
o
C) this reaction 

is masked by water desorption. According to the mechanism, this reaction is also 

restricted by the temperature range and the availability of reactive sites. The last 

parameter is controlled by available free active sites, and those created by desorption 

of water molecules from the coal surface. This could explain (in part) the observed 

differences for different coals during the TGA experiments, and the observed weight 

increase above 100
o
C. 

The second reaction corresponds to the final step of the theoretical mechanism (coal-

oxygen complexes desorption). This is considered to be an exothermic reaction, 

which generate the majority of the heat responsible for the overall temperature rise in 

the coal bed (confirmed by DSC tests, Section 4.2.2). This reaction is also restricted 

by temperature range, depending on the stability of the complex solids formed. The 

stability of these complex solids was characteristic of each coal, explaining why 

differences in mass gain and peak temperature were observed. Based on these 

concepts and the results obtained, a complementary explanation to the mechanism of 

the self-heating reaction is proposed: the problem of coals prone to spontaneous 

combustion is produced when the desorption of coal-oxygen complexes governs 

the entire process. Consequently, this characteristic could be observed and 

quantified directly by TGA analysis.  
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If  the desorption reaction is the key, then the stability of the solids complex is also 

critical. Less stable complexes are desorbed at lowest temperatures, reacting 

exothermally with the oxygen gas to produce CO, H2O and CO2, which increase the 

temperature around the particles increasing the rate of the reaction [134]. Conversely, 

when the solids formed are stable, the temperature range is wider and the peak 

temperature is higher, producing a higher weight increase. This explanation was 

confirmed by additional research, which is described in Chapter 7. 

4.2.1.2.3 Quantification of the self-oxidation potential by using TGA 

The explanation to the phenomenon allows the use of TGA to quantify the self-

oxidation potential of coals. TGA profiles identify 3 characteristic weight loss curves, 

which were explained considering the 2 step reaction mechanism and the chemical 

reactions that govern the process (Figure 44). 

 

   

Prone coal Reactive Low reactive 

Mass increase not seen 

Fenosa, North Dakota, and 

Orukpa shown same profile 

Narrow temperature range 

(In this case 125
o
C) 

Slight mass increase 

(In this case 0.93%) 

Wider temperature range 

(In this case 175
o
C) 

High mass increase 

(In this case 4.28%) 

   

Figure 44: Weight loss profiles obtained by TGA for characteristics coal samples 

(net oxygen adsorption in air). 
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In the first case (Figure 44, left), it is possible to observe a nil weight increase. 

Experimentally, this profile was characteristic of coals prone to spontaneous 

combustion (Orukpa, Fenosa & North Dakota coals). Then, according to the previous 

explanation, the desorption stage governs the process. In the second case (Figure 44, 

centre), it is possible to observe a slight weight increase produced by oxygen 

adsorption. This profile was characteristic of reactive coals (El Cerrejon, Kaltim 

Prima & Illinois #6 coals). These coals were classified in an intermediate reactivity 

range because under specific conditions they can also suffer thermal runaway. In this 

situation, according to the mechanism explanation there is an equilibrium between 

the adsorption and desorption phenomenon. Finally, in the third profile (Figure 44, 

right), it is possible to observe an elevated weight increase produced by oxygen 

adsorption. This profile is considered to be characteristic of low reactive coals 

(Pocahontas#3, Deep Navigation & Bulli). In this case, the oxygen adsorption 

governs the process, reflecting a wider temperature range due to the stability of the 

solid complexes formed. This agrees with the previous explanation given. 

 

Figure 45: Relationship between weight increase and the temperature difference.  

Prone coals 

coals 
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Consequently for the three cases explained, the comparison between historic data 

and the results obtained from the TGA test, there was a strong correlation between 

these two parameters. This means that depending on the type of TGA profile 

obtained, the total mass gain, and the starting and the peak temperatures of the 

process, coals can be classified by their potential to undergo self-oxidation. Figure 

45 shows a relationship between the maximum weight increase and the temperature 

range in which this was observed, from which coals prone to spontaneous 

combustion can be clearly identified.  

4.2.1.2.4 Influence of water content, coal ageing and exceptions to the rule 

The water content of a low reactive coal sample can produce an effect in the TGA 

profile, which could be considered as highly óproneô. This was the case for Hambach 

coal (Figure 43, A), with a profile characteristic of a prone coal. However, this is 

considered as unreactive by the coal industry due to the extreme water content 

(approximately 37.5%). From the TGA profile, this coal has lost 45% of the total 

mass before 100
o
C (produced by water evaporation), which means that the oxygen 

adsorption pattern was hidden by the high amount of water being released. A drying 

step for coals like this one (with water content higher than 25%) could reveal the real 

oxidative tendency. Nevertheless, coals with extremely high water contents are 

naturally less prone to spontaneous combustion due to the high energy requirements 

to vaporize all the water before the thermal runaway can begin. These kinds of coals 

are an exception, but can be identified based on the free moisture content from 

proximate analysis. 

A second exceptional case can be identified in highly reactive coals, which have 

been exposed to the atmosphere for a long period of time losing their reactive 

potential (weathering). This was the case of Kleinkopje coal (Figure 43, D), which 
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produces a ósafeô TGA profile, with an elevated temperature range and slight weight 

increase. The coal sample used for the experiment was more than 3 years old, stored 

in a small particle size with some exposure to air. Consequently, active sites were 

saturated by oxygen and moisture showing a reduced reactive potential indeed. This 

confirms the predictions of the TGA test, but also stipulates the conditions of the 

coals needed for a successful test. From historic data, fresh Kleinkopje coal can be 

highly reactive, and there have been several incidents of spontaneous combustion in 

South Africa. Unfortunately attempts to access fresh supplies of Kleinkopje coal 

were unsuccessful. 

4.2.1.3 Relationship between both thermogravimetric tests developed 

Figure 46 shows a graphic comparison between the two main parameters for the two 

TGA tests (% of weight increase and TGspc Index). In both cases, coals prone to 

spontaneous combustion were identified successfully. However, differences were 

detected within the intermediate coals. As can be seen from Figure 46, there is a 

linear relationship between the weight increase and the TGspc Index for those coals 

identified as safe in both cases. This trend shows that coals with a high weight 

increase were identified by the TGspc Index as ómedium reactiveô, and coals with a 

slight weight increase were identified as less reactive by the TGspc Index. This trend 

is contradicted between both tests.  

However, the temperature range for the TGspc Index is higher than the temperature 

range used to obtain the maximum weight increase. This explains the differences and 

also suggests that the second TGA test can deliver more reliable results. In addition, 

the value of the TGspc Index fluctuates between 0.01 and 0.03wt % 
o
C

-1
 min

-1
 for all 

the safe coals, which correspond to a 30% of the total interval range (considering 

that prone coals are situated between 0.045 to 0.07wt % 
o
C

-1
 min

-1
). This means that 
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spontaneous combustion coals are clearly identified, but the difference between the 

safe samples is insignificant. Finally, the deviation coefficient of the linear 

approximation is poor (~0.6), which means that this relationship is not conclusive.   

 

Figure 46: Relationship between TGspc Index and the maximum weight increase 

registered (using a heating rate of 3
o
C min

-1
). In the top circle A: Fenosa, North 

Dakota and Orukpa coals; B: Hambach; C: Nadins; and D: Pocahontas #3.  

4.2.2 Differential scanning calorimeter tests 

Two experiments were carried out using this technique. The main objectives were: i) 

to study the heat evolution under a slow heating ramp in air (4.2.2.1); and ii) to study 

the link between heat release and weight evolution under similar conditions (4.2.2.2). 

4.2.2.1 Heat evolution under air atmosphere 

Heat evolution was measured for all the samples studied using a single thermal ramp 

of 5
o
C min

-1
, at ambient pressure in dry air. The heating rate was selected to study 

the samples under similar conditions than those used for the TGA experiments, 

allowing a comparison between both techniques. Higher heating rates would have 

increased the instrument sensitivity, but would also create conditions far remote from 

actual reaction conditions. On the other hand, lower heating rates reduced the 
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experimental sensitivity of the instrument whilst increasing the experimental time. 

Figure 47 shows DSC profiles for a representative number of samples.  

 

Figure 47: Heat evolution for all the samples studied using a DSC. The heating rate 

applied was 5
o
C min

-1
 in an air atmosphere. 

The DSC data was analyzed after removal of a baseline recorded for an empty blank 

sample. The relative enthalpy associated to the specific stages of the reaction was 

then obtained by the integration of the heat flow, during the time in which 

exothermic and endothermic peaks were identified. As can be seen from Figure 47, 

the first peak was identified from ambient temperature to ~120
o
C (negative values 

produced by the heat absorbed when water was evaporated). The second peak took 

place approximately from 130
o
C and upwards (positive values generated by the 

oxygen adsorption and oxidation). This peak was hidden by a major peak produced 

by the complete oxidation reaction that took place at higher temperatures (started 

around 200-250
o
C). The full combustion peak was not recorded due to technical 

limitations of the instrument, ending the experiment at 300
o
C (this DSC was unable 

to carry out decomposition experiments).  
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From these results, the integration of the heat flow profiles was defined by two 

different cases, due to two possible interpretations (schematized in Figure 48). The 

first considers the initial heat absorbed calculated by integrating the curve from 35
o
C 

(arbitrarily selected due to stability of the DSC curve at this temperature), and the 

temperature at which the heat flow is zero (Q=0). The temperature of this point was 

particularly characteristic for each sample. Then, the heat generated was calculated 

by integrating from Q=0 to 250
o
C. The final temperature was also arbitrarily 

selected as a conservative limit of the low temperature oxidation reaction. The 

results for this case are shown in Table 17.  

 

Figure 48: The two different cases used for the integration and calculation of the heat 

absorbed and released from coal samples. 

The second considers the calculation of the heat adsorbed by integrating the heat 

flow curve from 35
o
C, to the point in which the heat flow rate was zero ( π). As 
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can be seen from Figure 48, this took place approximately at 125
o
C for all the 

samples studied. Finally, the heat released was calculated by integrating the curve 

from 125
o
C to 250

o
C. The results for this case are shown in Table 18. In general, the 

heat value calculated using the second integration approach showed the lower 

estimates. For both integration methods, lower values of the endothermic heat 

calculated meant higher values for the estimated exothermic heat. Figure 49 

compares both integration methods by plotting the relation between the endothermic 

and exothermic heat for each case. This comparison was approximately linear, 

confirming that there was no significant difference between both approaches.  

Finally, the results obtained in case B were considered for subsequent analysis since 

these curves were relative, reflecting small changes before and after the inflection 

point observed during the heat evolution (as can be seen from Figure 48). 

Table 17: Case A, integration considering Q=0 as transitional point 

Sample 
Time 

(min) 
T (

o
C) 

Endothermic 

peak *A (J g
-1

) 

Exothermic 

peak *B (J g
-1

) 

N Dakota 21.7 137.8 519.8 663.2 

Hambach 19.9 128.6 415.0 590.9 

Fenosa 21.4 136.3 336.6 753.5 

Nadins 22.3 140.9 188.5 485.5 

Dawmill 22.1 139.6 150.3 417.3 

Asfordby 20.2 130.1 147.2 785.5 

La Jagua 20.6 132.6 128.7 441.5 

K Prima 21.8 138.5 125.8 314.8 

Lea Hall 18.0 119.4 123.9 769.0 

El Cerrejon 19.9 128.8 115.6 622.1 

La Loma 18.0 129.5 111.1 437.2 

Kleinkopje 23.6 147.2 80.2 199.9 

Illinois 15.3 105.6 73.7 907.8 

Goedehoop 21.4 136.3 72.2 360.5 

Hunter Valley 18.4 121.5 67.3 442.1 

Bentinck 13.5 96.8 40.7 602.5 

Pocahontas 13.4 96.2 6.1 315.6 
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Table 18: Case B, integration considering dQ/dt=0 as inflection point 

Sample 
Time  

(min) 

T 

(
o
C) 

Endothermic 

peak *C (J g
-1

) 

35-125
o
C 

Exothermic peak *D (J g
-1

) 

125-

200
o
C 

200-

250
o
C 

Total 

125-250
o
C  

G
ro

u
p

 1
 

Illinois 19.1 125 110.5 179.1 667.6 846.7 

Lea Hall 19.1 125 137.4 171.7 577.7 749.4 

Asfordby 19.1 125 133.0 170.8 633.4 804.2 

N Dakota 19.1 125 470.3 160.2 563.9 724.1 

Fenosa 19.1 125 298.5 159.0 641.7 800.8 

El Cerrejon 19.1 125 106.7 138.9 495.1 634.0 

G
ro

u
p

 2
 

Hambach 19.1 125 414.1 103.0 489.1 592.1 

Nadins 19.1 125 139.6 126.9 416.7 543.6 

Bentink 19.1 125 89.0 117.6 397.4 515.0 

La Loma 19.1 125 100.0 114.1 338.6 452.7 

Dawmill 19.1 125 110.9 111.7 352.9 464.6 

La Jagua 19.1 125 111.2 111.0 357.2 468.2 

G
ro

u
p

 3
 

Hunter Valley 19.1 125 73.4 101.1 332.3 433.4 

Kaltim Prima 19.1 125 94.4 86.9 266.1 353.0 

Goedehoop 19.1 125 52.0 86.1 299.4 385.4 

Kleinkopje 19.1 125 49.5 52.5 181.6 234.1 

Pocahontas 19.1 125 18.0 50.8 243.9 294.7 

 

 

Figure 49: Comparison of integration cases A and B.  
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Afterwards, specific conclusions can be made about the integration results. First, in 

both cases the thermal response observed was similar and directly proportional to the 

moisture content (Figure 50, A). High water content coals reported the highest 

absorbed heat. Secondly, it was concluded that the net energy consumed related to 

the first peak was linked directly to the water release process (Figure 50, A).  

 

Figure 50: Relationship between water content and heat absorbed (A); and heat 

absorbed against initial heat released in the range 125-200
o
C (B). 

However, the analysis of the heat released during the exothermic stage is 

complicated because during this stage there were several chemical reactions 

progressing in parallel making it impossible to identify individual enthalpic 

contributions directly from the DSC profile. For this reason, the exothermic 

integration area was sub-divided considering the two most important reactions 

described in the mechanism: firstly, an initial segment in which the oxygen 

adsorption presumably controls the reaction (considered from 125 to 200
o
C, similar 

interval than the TGA by the weight increase); and second, a segment in which the 

desorption of coal-oxygen complexes probably controls the reaction (from 200 to 

250
o
C). These two segments were also reported in Table 18.  

A B 



Chapter 4. Thermal analysis of coal at low temperature 

139 

 

Regarding the first segment (125-200
o
C), all coals with water content below 10% 

showed a heat release that was directly proportional to the heat consumed during the 

endothermic stage, as can be seen in Figure 50 (B). This suggested a kind of 

compensation phenomenon produced during the initial moments of the exothermic 

stage, in which the heat released was equivalent to the heat required to evaporate the 

water content during the endothermic stage. Additionally, the origin of this heat 

release is unknown, and two alternatives were considered: firstly, it could be 

produced by the adsorption of oxygen over the coal particles (suggested by the slight 

weight increase detected in the TGA after 125
o
C); or secondly, it could be associated 

with the re-adsorption of water vapour molecules in the coal surface (the heat of 

water vapour adsorption in the surface of coal particles has similar magnitude than 

the water latent heat). 

In addition, the heat needed to vaporize the water from coals with high water content 

was considerably higher than the heat finally released by the sample. This result 

seems to be inconsistent with the case of Fenosa and North Dakota (both well known 

prone to spontaneous combustion coals), from which a pronounced exothermic 

response was expected or a considerable difference with the others coal samples 

during this temperature segment. 

Regarding the second segment (200-250
o
C), the heat evolution continued with the 

trend established during the first. In this occasion, coals with high reactivity towards 

self oxidation (Fenosa and N. Dakota) showed an increasing rate of heat release, 

detected only by the use of the derivative of the heat flow profile. Figure 51 

compares the heat flow profiles and their corresponding derivatives for a selected 

number of coals, which identify this tendency. In this example, the heat flow of 

Fenosa coal was not the highest, but it shows a clear acceleration in the rate 



Chapter 4. Thermal analysis of coal at low temperature 

140 

 

compared with the other coal samples. The same phenomenon was observed for N. 

Dakota coal.  

 

Figure 51: Fenosa coal showed an increasing heat releasing rate above 200
o
C (by 

using a high resolution DSC curve).  

Considering the information reported by other researchers about the self-oxidation 

temperatures, the temperature range in which the derivative curve showed an 

increasing rate was elevated. Then, this change could also be related to the beginning 

of the complete oxidation reaction, characterized by an intense exothermic profile. 

Finally, coal samples were classified in three different groups, based on their thermal 

responses: 

i) Group 1: formed by coals characterized by a large endothermic heat peak 

and a large exothermic heat response.  

ii) Group 2:  formed by coals characterized by a medium endothermic heat 

adsorption and a medium exothermic heat response.  

iii) Group 3:  formed by coals with a small endothermic heat peak and a 

small exothermic response. 
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4.2.2.2 Link between heat released and weight evolution  

The study of the link between the heat released and the weight evolution during the 

low temperature oxidation reaction was a fundamental part of this work. The 

temperature range in which this link could be established was narrowed to the 

temperature range 100-250
o
C. Nevertheless, as it was explained previously there 

were several different interactions taking place at the same time including water 

vaporisation, oxygen adsorption, volatile release, oxygen desorption and the volatile 

combustion, which affects both weight and heat flow. Subsequently, an initial 

representation is shown in Figure 52 comparing the DSC and TGA profiles for 

representative samples. In this comparison, all the samples were exposed to the same 

heating rate (5
o
C min

-1
), under similar atmospheric conditions (1 bar, dry air).  

Figure 52 shows the temperature segment between 125 to 200
o
C where most of the 

DSC curves maintain identical shape, and all the TGA plots remains unaltered 

during this segment (left side of vertical red line). Above 200
o
C the weight increase 

for particular samples becomes important, as well as the heat flow being released. 

Figure 53 (A) is a schematic of the relationship between maximum weight increase 

(Table 15) and the endothermic heat (Table 18). From this, an inversely proportional 

relationship was identified with some key points of agreement. Firstly, coals with the 

lowest heat requirement (during the endothermic stage) show the maximum weight 

increase. Secondly, coals with the highest heat requirement during the water release 

stage show nil weight increase. This tendency implies a ócompensation phenomenonô 

(described in the previous section), in which the water release is in part responsible 

for the heat response during the beginning of the exothermic stage. This observation 

would be valid if  the endothermic stage is indeed linked to the exothermic stage. 

However, there are two strong counter arguments. Firstly, this tendency does not 
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relate directly to the weight increase with the exothermic response; and secondly, the 

temperature range in which both variables were measured is considerably different. 

 

 

Figure 52: Graphical association between heat released (left axis) and sample weight 

(right axis), both under the same heating rate. 

Figure 53 (B) presents the relationship between the maximum weight increase and 

the total exothermic heat calculated. In this case, there were key points of agreement, 

but no clear trend. In this correlation the highest weight increase (more than 4%) 

matches the lowest heat release during the exothermic stage. This supports the idea 
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about how this process depends of the stability of the coal-oxygen complexes formed 

over the coal surface (causing the weight increase). The other side of the curve 

shows the high water content and high reactivity coals, which registered important 

values for heat release during the exothermic stage. These coals were characterized 

by a nil weight increase produced by the fast decomposition of the coal-oxygen 

complexes that were ópotentiallyô formed above their surface, generating a strong 

exothermic response. This agreed with the hypothesis of two competing reactions 

taking place in parallel, and also with the hypothesis of the influence of the stability 

of these coal-oxygen complexes, which determine the reaction that governs the entire 

phenomenon and thermal response shown by the coal. If the last explanation is 

confirmed, the problem of identification of coals prone to spontaneous combustion 

could be solved. 

 

Figure 53: Total weight increase obtained from TGA and its relationship with 

endothermic (A) and exothermic heat (B) measured by DSC. 

However, some coals did not follow these trends. On one side (supporting the 

hypothesis), Hambach with a high water content showed a low heat release during 

the exothermic stage, not suffering the compensation phenomenon expected. This 

A B 
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can be explained by the extremely high water content evaporated (~37%), which 

masks the weight increase. In this case, the stability of the oxygen complexes was 

high, confirmed by the poor thermal response exhibited above 100
o
C. On the other 

side (contradicting the hypothesis), some intermediate coals did not follow this trend 

(Figure 53, B, circle) such as Illinois#6, El Cerrejon, Lea Hall and Asfordby. All of 

these were classified as reactive (considering the intrinsic reactivity test), with low 

ash and high carbon content. This set of coals show heat release, but at the same time 

they register a medium weight increase, which contradicts the general explanation.  

In conclusion, when considering all the information, evidence suggests a link 

between heat release and weight evolution of the sample at low temperature. 

However, this must be confirmed by further experimental work on more coals. In all 

cases studied, the sensitivity and the error associated to the instrument could produce 

important differences. Also, the conditions of the sample before the experiment are 

critical in obtaining reliable results. In addition, from DSC measurements no 

significant differences were found in the heat release by the normal coals and well-

known spontaneous combustion coals. Subsequently, the net self-oxidation process 

cannot be differentiated by using differential scanning calorimetry as a single 

technique (specifically the use of a single thermal ramp of 5
o
C min

-1
). In this case, 

the use of a simultaneous TGA-DSC instrument could be a key area for further 

evaluation. Finally, despite the evidence about a possible thermal response, the 

implementation of an experimental method to identify prone coals by using DSC 

was found to be inaccurate. Also, a detailed study considering additional factors is 

needed. Further work would require a statistically relevant number of coals, and the 

implementation of rigorous sampling conditions on site, to preserve the original 



Chapter 4. Thermal analysis of coal at low temperature 

145 

 

properties of the samples. It was observed that a short period of contact between the 

samples and air changed the thermal response of the coals under study considerably.   

4.3 Thermal analysis of coal using medium scale reactor 

This section presents the experimental results obtained for the thermal testing of a 

large coal sample. This test was performed for all coals, and the main objective was 

to obtain information about the global thermo-chemical evolution of the system 

under restricted heat-mass transfer conditions. This information was vital in order to 

evaluate the effects of the mass and energy transport in a bulk environment, over the 

global rate of the reaction and its association with thermal runaway. In addition, 

global characteristics of the system were studied and its link with the intrinsic 

reactivity properties of coals obtained from TGA and DSC. Finally, results were 

used to calculate the crossing point temperature index (CPT) and estimate the 

ignition temperature; both currently used to predict coal propensity. 

In general, a single experiment was performed for all samples using the reactor 

designed: a heating ramp in air at 0.5
o
C min

-1
, from ambient temperature to 250

o
C, 

which provided information about two different aspects:  

i) Thermal behaviour: In order to study the transient thermal profiles (4.3.1), 

and the effect of water content on these (4.3.2); to obtain the crossing point 

temperature (CPT) in all its different definitions (4.3.3) and to measure the ignition 

temperature of each coal (4.3.4). 

ii) Mass evolution: In order to study the weight evolution during a heating 

ramp and its relationship with temperature, as well as compare the mass change 

observed using TGA (4.3.5). 



Chapter 4. Thermal analysis of coal at low temperature 

146 

 

4.3.1 Transient temperature profiles  

Transient temperature profiles were obtained for all coal samples (characteristic 

samples are presented in Figure 54, Figure 55 and Figure 56). These figures show 

different temperature profiles registered for diverse radial positions inside the sample 

holder, which were plotted in the time domain. The slope of each single 

thermocouple denotes the characteristic heating rate for the specific position 

recorded. For all the samples, the bulk system behaves similarly to a solid body 

under a constant temperature increase (0.5
o
C min

-1
 in air).  

 

 

Figure 54: Thermal profiles for North Dakota (A) and El Cerrejon (B) coals. The 

heating rate used was 0.5
o
C min

-1
 in air. 

A 

B 
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The difference between the temperature in the centre and the temperature in the 

surface of the sample holder was influenced by the coal rank, water and volatile 

content. The differences between thermocouples readings were also an indication of 

the global thermal conductivity inside the sample container, which was formed by 

the contribution of the single components (moisture, mineral matter, volatiles and 

carbon content). 

 

 

Figure 55: Thermal profiles for Kaltim Prima (C) and Zondag1 coals (D), both 

medium water content and 0.6 rank. The heating rate used was 0.5
o
C min

-1
 in air. 

C 

D 
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One of the first identifiable attributes in the system was an inflection point in the 

thermal profiles around 100
o
C, which was found for all samples. This corresponds to 

the effect of the water vaporization, recorded by all the thermocouples (analyzed in 

next section). When the water was completely eliminated, the region close to the 

centre of the sample showed an increase in the heating rate, which was higher than 

the rate recorded close to the surface. This produced a crossing temperature region 

that ended with the sample ignition (after the crossing).  

 

 

Figure 56: Thermal profiles of Pocahontas (E) and Deep navigation (F) coals; low 

water, high volatile and high rank coals. The heating rate used was 0.5
o
C min

-1
 in air. 
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