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RESUMEN 

Actualmente, más del 80% de la energía utilizada en el mundo procede de la combustión de 

combustibles fósiles, siendo el carbón el combustible más empleado y su almacenamiento 

una práctica común. Debido a ello, se han estudiado ampliamente los riesgos asociados a este 

material, así como sus efectos medioambientales y sobre la salud humana o el riesgo de 

autoignición y combustión espontánea. Actualmente, como consecuencia de estos riesgos y 

del agotamiento de las reservas de carbón, se están considerando diversos combustibles 

alternativos y respetuosos con el medio ambiente para reemplazar al carbón parcial o 

totalmente, como la biomasa o los residuos. 

Estos sólidos combustibles están caracterizados por unas propiedades de inflamación que 

deben ser cuidadosamente determinadas en cada caso particular debido a su heterogeneidad, 

pero cuyos valores medios muestran un elevado riesgo de ignición. 

El objetivo principal de esta tesis es la determinación de las condiciones de seguridad contra 

el riesgo de atmósferas explosivas en las industrias relacionadas con el procesamiento de 

biomasas. Con este objetivo se ha estudiado una gran variedad de biomasas, incluyendo así 

mismo materiales como lodos de depuradora secados térmicamente. 

Se han caracterizado tres grupos de muestras. En primer lugar, un grupo de combustibles 

sólidos que incluye tanto biomasas como combustibles fósiles, focalizando en las diferencias 

existentes entre estos grupos así como dentro de los propios grupos. Un segundo grupo que 

incluye veinte lodos de depuradora secados térmicamente, en el cual se puede observar la 

variación que provoca la heterogeneidad de este tipo de residuos. Finalmente, se ha estudiado 

un grupo compuesto por mezclas de carbón, lodos secados térmicamente y pellets de madera 

torrefactados, debido a su creciente importancia en las técnicas de cocombustión. 

Se han estudiado distintos parámetros, incluyendo sensibilidad a la ignición, severidad de la 

explosión, susceptibilidad térmica y auto-ignición. A través del estudio estadístico de estos 

parámetros, se han determinado las relaciones existentes entre ellos y la influencia de algunos 

parámetros comunes, como el tamaño de grano o el contenido en volátiles, en el riesgo de 

ignición de sólidos combustibles. 

Los resultados de esta tesis demuestran que la caracterización de los materiales pulverulentos 

es indispensable para tener instalaciones seguras y para disminuir los riesgos tanto humanos 

como económicos.
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ABSTRACT 

Currently, over 80% of the energy source used in the world comes from the combustion of 

fossil fuels. Coal is the fossil fuel most used to produce energy, and its storage is a common 

practice. The associated hazards, its harmful effects to the environment and human health 

and its self-ignition and spontaneous combustion risks are commonly studied. Due to 

environmental concerns and depleting reserves of coal, alternative, environmentally friendly 

fuels such as biomass and waste products are being considered for partial or full coal 

replacement.  

The flammability properties that characterize all these solid fuels have to be carefully 

determined in each single case due to their heterogeneity, but mean values show that they 

present a high ignition risk.  

This thesis aims to determine the safety conditions against explosive atmospheres risks in 

the facilities related with the biomasses processing. To achieve this goal, a range of biomasses 

has been studied, including a group of thermally dried sewage sludge. 

Three groups of samples have been characterize. First of all a group of solid fuels including 

different biomasses and fossil fuels, focusing on the differences existing between these 

groups and also inside the groups. A second group that includes twenty different thermally 

dried sewage sludge samples, were the variation that provides the heterogeneity of this kind 

of waste biomasses can be observed. And finally, a group composed by mixtures of coal, 

thermally dried sewage sludge and torrefied wood pellets, due to their rising importance on 

co-firing techniques. 

Several parameters have been determined, including ignition sensitivity, explosion severity, 

thermal susceptibility and self-ignition. Through the statistical study of these parameters, 

different relations have been observed in order to determine the influence of common 

parameters as particle size or volatiles content on the flammability of solid fuels. 

Results of this research show that characterizing dust materials is essential for having safe 

facilities and for decreasing the risks both human and economical. 
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 Introduction 

1. INTRODUCTION 

1.1. EUROPEAN SCENARIO 

At the beginning of the 1990’s, international efforts start trying to find a solution for climate 

change. In 1992, the United Nations Framework Convention on Climate Change was 

established with this objective. However, no specific actions were adopted until the adoption 

under this Framework of the Kyoto Protocol, an international agreement which commits its 

Parties by setting internationally binding emission reduction targets. The first commitment 

period of the Protocol was between 2008 and 2012, and its targets cover the emissions of 

the six main greenhouse gases (carbon dioxide, methane, nitrous oxide, hydrofluorocarbons, 

perfluorocarbons and sulphur hexafluoride). The 15 European Countries had a target of 

reduction of 8%. 

It is well-known that the main source of increasing carbon dioxide concentration in the 

atmosphere is the burning of fossil fuels like oil and coal, along with deforestation of tropical 

forests [1]. According to the World Meteorological Organization [2], the amount of 

greenhouse gases in the atmosphere is reaching a higher record every year. Between 1990 

and 2012, a 32% increase in radiative forcing, the warming effect on our climate due to 

carbon dioxide and other long-lived gases that trap heat, such as methane and nitrous oxide, 

was recorded. 

Since the beginning of the industrial era in 1750, the global average concentration of CO2 in 

the atmosphere has increased by 41 %, methane by 160 % and nitrous oxide by 20 %. Only 

about half of the CO2 emitted by human activities remains in the atmosphere, with the rest 

being absorbed in the biosphere and in the oceans. 

The US National Oceanic and Atmospheric Administration [3] reported that for the first 

time in 2013 the barrier of 400 ppm measured of CO2 in the atmosphere was exceeded.  

Built under the Kyoto Protocol, in 2008 the European Union’s members adopted a climate 

and energy package consisting on a group of measures to fight against climate change.  The 

Europe’s “202020” targets establish that by the year 2020, greenhouse gas emissions should 

be reduced by 20 percent, renewable energy sources should represent 20 percent of Europe’s 

final energy consumption and energy efficiency should increase by 20 percent. To achieve 

this goal, biomass can play an important role, as shown in the European Commission 

scenario (Figure 1) [4]. 
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Figure 1. Role of biomass in meeting Europe's renewable energy targets - European 
Commission scenario [4] 

Biomass offers important advantages as a combustion feedstock due to the high volatility of 

the fuel and the high reactivity of both the fuel and the resulting char. But comparing with 

solid fossil fuels, biomass contains much less carbon and more oxygen and has a low heating 

value [5], as can be seen with an easy comparison in Table 1. 
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Table 1.Physical, chemical and fuel properties of biomass and coal fuels [5] 

Property Biomass Coal 

Fuel density (kg/m3) ~ 500 ~ 1300 

Particle size ~ 3 mm ~ 100 µm 

C content (%wt of dry fuel) 42 – 54 65 – 85 

O content (%wt of dry fuel) 35 – 45 2 – 15 

S content (%wt of dry fuel) Max 0.5 0.5 – 7.5 

SiO2 content (wt% of dry 

ash) 
23 – 49 40 – 60 

K2O content (wt% of dry 

ash) 
4 – 48 2 -6 

Al2O3 content (wt% of dry 

ash) 
2.4 – 9.5 15 – 25 

Fe2O3 content (wt% of dry 

ash) 
1.5 – 8.5 8 – 18 

Ignition temperature (K) 418 – 426 490 – 595 

Peak temperature 560 – 575 - 

Friability Low High 

Dry heating value (MJ/kg) 14 – 21 23- 28 

 

Unfortunately, recent researches show that biomass is not on track to play the important role 

that the European Commission thought, mainly caused by the uncertainty around several 

important aspects related with its production and trade [6]. 



 

4 
 

 Introduction 

 

Figure 2. Current biomass energy growth compared to the growth required to reach the 
European Commission scenario [4] 

Anyway, looking at the whole renewable energies group, in 2013, 11 countries have achieved 

the target of 20% of renewable energy sources, while only 7 have still less than 10% (Figure 

3) [7]. 

 

Figure 3. Share of renewable energy in gross final energy consumption [7] 
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In 2015, the United Nations Climate Change Conference, COP 21 or CMP 11 was held in 

Paris. According to the organizing committee at the outset of the talks [8], the expected key 

result was an agreement to set a goal of limiting global warming to less than 2 degrees Celsius 

(°C) compared to pre-industrial levels. The agreement calls for zero net anthropogenic 

greenhouse gas emissions to be reached during the second half of the 21st century. 

To summarize, the European Union and the United Nations are on their way of achieving 

the goals established to fight against the climate change, even so biomass is not playing the 

important part that it was supposed to. However, several researchers are nowadays trying to 

improve the properties of these materials in order to increase its use. 

 

1.2. GREENHOUSE GASES 

Nowadays, climate change is the main environmental problem, and it is mainly related with 

the emission of greenhouse gases. A greenhouse gas is “any gas that absorbs infrared 

radiation in the atmosphere”. Currently, five major pollutants are listed as criteria pollutants: 

Carbon monoxide is a colourless, odourless gas emitted from combustion processes. CO 

can cause harmful health effects by reducing oxygen delivery to the body’s organs and tissues 

[9].  

Nitrogen oxides are formed when fuel is burned at high temperatures, and come principally 

from motor vehicle exhaust and stationary sources such electrical utilities and industrial 

boilers. It can irritate the lungs and lower resistance to respiratory effects. Nitrogen oxides 

in the air can significantly contribute to a number of environmental effects such as acid rain 

and eutrophication in coastal waters [10]. 

Sulphur dioxide is mainly produced by fossil fuel combustion at power plants (73%) and 

other industrial facilities (20%). It is linked with a number of adverse effects on the 

respiratory system [11]. 

Ground level or bad ozone is created by chemical reactions between oxides of nitrogen and 

volatile organic compounds in the presence of sunlight. Breathing it can trigger a variety of 

health problems and harmful effects on sensitive vegetation and ecosystems [12]. 

Particulate matter is defined as a complex mixture of extremely small particles and liquid 

droplets. These particles come in many sizes and shapes and can be made up of hundreds of 

different chemicals. The main problems caused by these particles include health problems 
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because the microscopic solids or liquid droplets can get into the lungs and cause serious 

health problems. Additionally, this pollution may cause visibility problems [13]. 

However, the primary greenhouse gas emitted through human activities is carbon dioxide. 

At the global scale, the key greenhouse gases emitted by human activities are the ones shown 

in Figure 4. 

 

Figure 4. Global greenhouse gas emissions [14] 

Carbon dioxide is naturally present in the atmosphere as part of the Earth’s carbon cycle, 

but human activities are altering the carbon cycle, increasing the CO2 emissions mainly since 

the industrial revolution, as shown in Figure 5. The main human activity that emits this gas 

is the combustion of fossil fuels for energy and transportation [15]. 

 

Figure 5. Global carbon emissions from fossil fuels have significantly increased since 1900 [16] 

This problem may be partially solved by the use of biomass sources. It has been considered 

that the net CO2 emissions of biomasses are almost null, due to the emissions emitted during 
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their processing and use are almost the same as the CO2 absorption they have while they are 

alive. 

However, burning biomass in inappropriate, or badly maintained equipment, or under poor 

operating conditions can give rise to a number of potential emissions, which includes 

particulate matter, NOx, CO and other carbon containing compounds. The levels of these 

and other elements depend on many factor, including the environment the material was 

grown in, the species, any contaminants in the soil, water or air, etc. The chemical 

composition of different parts of a plant also varies; for example higher levels of minerals in 

bark, lead to increased ash production, while there is more nitrogen and sulphur in green 

waste and brash [17]. 

 

1.3. SOLID BIOFUELS 

According to the United Nations Framework Convention on Climate Change [18], the term 

biomass is defined as: 

“non-fossilized and biodegradable organic material originating from plants, animals and micro-organisms. 

This shall also include products, by-products, residues and waste from agriculture, forestry and related 

industries as well as the non-fossilized and biodegradable organic fractions of industrial and municipal 

wastes”. 

In other words, biomass is a complex heterogeneous mixture of organic and inorganic 

matter, containing various inorganic associated solid and fluid phases with different contents 

and origins. Biomass has highly variable composition and properties, especially with respect 

to moisture, structural components and inorganic constituents, mainly grouped as shown in 

Table 2. 
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Table 2. Composition of biomass [19] 

Biomass 

Organic matter 

Solid, non-

crystalline 

Structural ingredients, namely 

cellulose, hemicelluloses, lignin, 

extractives, other 

Solid, crystalline 
Organic mineral such as Ca – Mg – 

K – Na oxalates 

Inorganic 

matter 

Solid, crystalline 

Mineral species from phosphates, 

carbonates, silicates, chlorides, 

sulphates, oxyhydroxides, nitrates 

and other mineral classes 

Solid, semi-

crystalline 

Poorly crystallized mineraloids of 

some silicates, phosphates, 

hydroxides, others 

Solid, amorphous 
Amorphous phases such as various 

glasses, silicates, others 

Fluid matter 
Moisture, gas and gas-liquid inclusions associated with 

both organic and inorganic matter 

 

This general term includes many different kinds of materials, whose use as fuel cannot be 

comparable. 

According to the origin, biomass can be divided in the following groups [20]: 

- Wood and woody biomass, such as stems, branches, foliage, bark, chips, pellets, 

briquettes, sawdust, sawmill and others from various wood species. 

- Herbaceous and agricultural biomass, annual and perennial and field-based or 

processed-based such as grasses and flowers, straws and other residues (fruits, 

shells, husks, pits, seeds, etc.) 

- Aquatic biomass, including every marine or freshwater macro or micro-algae. 

- Animal and human biomass wastes, for example bones, meat-bone meal or chicken 

litter. 

- Contaminated biomass and industrial biomass wastes (semi-biomass), this group includes 

municipal solid waste, demolition wood, refuse-derived fuel, sewage sludge, 

hospital waste, paper-pulp sludge, waste papers and paperboard waste. 
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Average values of proximate and ultimate analyses of the different groups of biomasses show 

the existing differences among them (Table 3). 

Table 3. Average values of proximate and ultimate analyses of biomass [20]  

Group 

Proximate analysis (% d.b.) Elemental analysis (% d.a.f.) 

M* VM* FC* A* C O H N S 

Wood and 

woody 
19.3 78.0 18.5 3.5 52.1 41.2 6.2 0.4 0.08 

Herbaceous 

and 

agricultural 

12.0 75.2 19.1 5.7 49.9 42.6 6.2 1.2 0.15 

Aquatic 

(Marine 

macroalgae) 

10.7 50.5 25.9 23.6 43.2 45.8 6.2 2.2 2.60 

Animal 

biomass 
5.9 55.5 13.6 30.9 58.9 23.1 7.4 9.2 1.45 

Contaminated 

biomass and 

wastes 

11.6 72.0 9.4 18.6 53.6 37.0 7.3 1.7 0.46 

*M represents the moisture of the sample, VM the volatiles matter, FC is fixed carbon content and A 

ash content. 

Aquatic and animal biomass are less common than the other groups of biomasses and their 

use is still not usual. However, each kind of biomass presents advantages and disadvantages, 

but according to their composition, they may be classified thanks to the compounds they are 

enriched or depleted in, as resumed in Table 4. 
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Table 4. Compounds present on biomasses [20] 

Group Enriched in Depleted in 

Wood and woody Ca, Mg, Mn, VM A, Cl, N, P, S, Si 

Herbaceous and agricultural FC, K, O, VM C, H, Ca 

Contaminated biomass and 

wastes 
A, Al, C, Cl, Fe, H, N, S, Ti FC, K, P 

 

 

1.3.1. BIOMASS 

Intrinsically, biomass is a flexible composite of cellulose, hemicelluloses and lignin, which 

serve to maintain the structural integrity of plant cells and provide the mechanical support 

and strength for plants (Figure 6). 

 

Figure 6. Composition of wood walls [21] 

Cellulose is the primary structural component of cell walls in biomass. Its chemical formula 

is (C6H10O5)n, and it is a long chain polymer with a high degree of polymerization and a large 

molecular weight. It presents a crystalline structure, made up of many glucose molecules, 

which confers it the high strength that makes it the skeletal structure of most terrestrial 

biomass.  
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The high cellulose value is characteristic of some sub-groups such as wood stems and 

herbaceous and agricultural stalks and fibres. Extremely high values of cellulose are typical 

of some varieties, namely paper, cotton, flax fibres, sunflower stalks and waste paper pulps. 

Low contents are present in agricultural pits and wood twigs, barks and leaves, and extremely 

low in some twigs for different trees [22]. 

Hemicellulose is another constituent of the cell walls of a plant. Hemicellulose has a random, 

amorphous structure with little strength. It is a group of carbohydrates with a branched chain 

structure and a lower degree of polymerization, and may be represented by the generic 

formula (C5H8O4)n. Hemicellulose tends to yield more gases and less tar than cellulose [23] 

High contents of hemicelluloses are present on wood twigs, leaves and barks, as well as some 

grasses and corn grains. Herbaceous and agricultural fibres, stalks and pits present low 

contents, while tree stems , paper, sunflower stalks and cotton seed hairs have extremely low 

values [22]. 

Lignin is a complex highly branched polymer and is an integral part of the secondary cell 

walls of plants. Lignin is the cementing agent for cellulose fibres holding adjacent cells 

together. The dominant monomeric units in the polymers are benzene rings, which are 

combined to form the structure. 

Extremely high lignin content is typical for apricot pits, olive husks, some shells, tea residue 

and coconut coir pith, while high lignin contents have been detected on wood barks and 

herbaceous and agricultural pits, shells and husks. On the other hand, cotton, flax fibres, 

certain grasses, paper and waste paper pulps present extremely low content of lignin, and 

herbaceous and agricultural fibres, stalks and grasses present a low content [22]. 

Vassilev et al [22] observed a negative significant correlation between hemicellulose/cellulose 

content and the lignin’s one. Also a negative correlation is observed with the loose and 

shaken bulk densities of biomass samples. 

 

1.3.2. SEWAGE SLUDGE 

Municipal waste constitute around 10% of total waste generated. The generation of sewage 

sludge  in Europe has slowed down and stabilised at about 520 kg per capita since 2002 [24]. 

As a very rough guide, sewage sludge composition is characterised by six groups of 

components, which are all present mixed in one mixture. 
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 Non-toxic organic carbon compounds. 

 Nitrogen- and phosphorus- containing components. 

 Toxic inorganic and organic pollutants. 

 Pathogens and other microbiological pollutants. 

 Inorganic compounds. 

 Water. 

One of the biggest problems associated with the treatment of sewage sludge is the amount 

of water they have, that is why the sewage sludge might be dried in advance of any possible 

reuse. The drying process of the sewage sludge is a post-treatment whose objectives are to 

decrease the amount of water present in it (decreasing the volume of the waste and obtaining 

drier and manageable products), to obtain an adequate sanitation and to achieve an effective 

stabilization. In brief, the main objective of the process is to improve the valorisation of the 

sewage sludge. 

Sewage sludge is associated to four types of water as shown in Figure 7. The drying process 

that allows to remove all these types needs to be at elevated temperatures and it is called 

thermal drying. 

 

Figure 7. Water associated with sludge particles [25] 

The heat transfer from the heating medium to the sludge can be made by three systems: 

conduction, convection and radiation. However, depending on the design of the dryer, one 

of them prevails over the other, and the drying process is denominated according to this. 



 

13 
 

 Introduction 

More simply, the dryers are divided in two groups: direct or indirect. The first ones are those 

in which the sludge is in direct contact with the combustion gases, while in the second ones 

the heat input is made through heat interchange surfaces. 

Thermally dried sewage sludge final products are round pellets with typical diameters 

between 2 and 4 millimetres. Their dry matter content is higher than 90%, and they are easily 

manageable despite they are highly hygroscopic. Fourteen of the EU-15 member states have 

thermal drying plants as installations for wastewater treatment [26]. Although the dried 

sludge is reduced in volume and is a pasteurised product, its disposal can still be difficult if 

it is to be recycled to land or disposed of to landfill. Under certain conditions, it is also 

possible for the pasteurised product to become recolonised by pathogens. Thermal drying 

also has a high recovery input, although plants that include anaerobic digesters can reduce 

this requirement by the use of biogas. 

One of the main uses for sewage sludge over the past years has been its agricultural use. This 

use has reduced farmers’ need for mineral fertilisers and has improved soil structure. 

Nonetheless, sewage sludge contains harmful and potentially hazardous substances, which 

causes that some actors oppose its use in agriculture [27]. 

 

1.4. UTILIZATION OF BIOMASS 

Biomass is a resource that can appear as several different materials. Some of these materials 

can be used directly as fuels, while others need a conversion process in order to improve 

their properties. This conversion into a fuel can follow different processes, whose selection 

mainly depends on the type and amount of biomass, the final user, environmental issues and 

economic factors. The conversion from biomass to energy is mainly done by thermo-

chemical or bio-chemical conversion [28]. 

Thermo-chemical conversion includes three processes: combustion, gasification and 

pyrolysis. 

Combustion is a process in which the fuel is burnt with the oxygen from air to release the 

stored chemical energy as heat in burners, boilers, internal combustion engines and turbines. 

Biomass combustion is the oldest form of combustion used by humanity [29]. However, it 

also present some disadvantages associated with the heterogeneity of raw materials and to 

their low density. 
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It is an exothermic reaction accompanied by large heat generation in which the reaction is 

spontaneously continued by the heat generated by the reaction [30]. 

Gasification is a partial oxidation process whereby a carbon source is broken down into 

carbon monoxide and hydrogen, plus carbon dioxide and hydrocarbon molecules such as 

methane. The final product of this process is a gas used for electricity generation or as a fuel 

[31, 32]. 

Pyrolysis is defined as the heating of an organic material in the absence of oxygen. The 

material does not combust but the chemical compounds that make up that material thermally 

decompose into combustible gases and charcoal. This process have three products: one 

liquid (bio-oil), one solid (bio-char) and one gaseous (syngas) [33]. 

Two main processes are used for bio-chemical conversion of biomasses: fermentation and 

anaerobic digestion. 

Fermentation consists on a series of chemical reactions that convert sugars to ethanol. It is 

an anaerobic process in which bacteria are added to the biomass material, which feed on the 

sugars to produce ethanol and carbon dioxide. The ethanol is distilled and dehydrated to 

obtain a higher concentration of alcohol that can be used as automotive fuel [34]. 

Anaerobic digestion is a process that produces a gas composed of methane and carbon 

dioxide. This process consists of three steps: decomposition of plant, conversion of 

decomposed matter to organic acids and conversion of the acids to methane gas [35]. 

 

1.5. SAFETY RISKS ASSOCIATED TO BIOMASS 

Independently from the final use of it, biomass is going to pass at least through two steps: 

fuel delivery and fuel storage and handling. The main occupational risks associated to these 

processes are listed below [36]. 

 Fuel delivery 

 Reversing lorries in a restricted space that may be shared with other activities. 

 Large, below ground level fuel storage has risks of falling from height. 

 Fuel storage of any kind is considered a confined space and can present fire or 

asphyxiation hazards. 
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 Mechanical augers/conveyors pose hazards from unintentional human contact with 

their moving parts. 

 Pneumatic delivery increases the risk of dust and explosion. 

 Wetter fuels tend to give lower risk of dust explosion but greater risk of anaerobic 

digestion during storage with the emission of CO and CO2, and greater risk of self-

ignition. 

 Finer fuels tend to give greater risk of dust explosion 

Fuel storage and handling 

 Explosion 

 Fire 

 Issues related to the Control of Substances Hazardous to Health Regulations (COSSH) 

 Mechanical failure of store walls 

 Slips and falls 

 Injury from contact with machinery and moving parts 

 

1.6. FLAMMABILITY RISKS ASSOCIATED TO BIOFUELS 

From March 2011 to January of 2015, 28 accidents related to fires and explosions in industrial 

biomass facilities and storage areas have been reported worldwide (Table 5). Fires at biomass 

facilities typically start from boiler fires, spontaneous combustion of fermenting woodchip 

or sawdust piles, or wood dust explosions. 

Table 5. Accidents at biomass facilities [37] 

Date Place Accident 

January 2015 Motril, Spain 
“Major fire” broke out in a pile of biomass 

chips. 

January 2015 
King George V 

Graving Dock 
Wood chip pile ignition 

December 2014 Gypsum, Colorado Conveyor belt at a biomass facility 

October 2014 
Burns Lake, British 

Columbia 

Fire at a wood pellet plant  with unknown 

origin 
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Table 5. Accidents at biomass facilities [37] (cont.) 

Date Place Accident 

July 2014 St. Augustine, Florida Smouldering embers in a sawdust drier that 

ignited 

June 2014 Aurangabad, India “Major fire” ignited from the base and 

other materials stored 

June 2014 South Yorkshire, 

United Kingdom 

Storing chips or biomass power plant 

caught fire 

March 2014 St. Augustine, Florida Explosion in a wood gas heat exchanger 

February 2014 Ironbridge, Shropshire Fire broke out in one of the main turbines 

of a biomass power facility 

October 2013 South Shields, South 

Tyneside, United 

Kingdom 

“Difficult and dangerous” fire erupted in a 

conveyer transfer tower at a biomass pellet 

storage facility 

June 2013 Hexham, United 

Kingdom 

Wood-burning biomass incinerator caught 

on fire 

May 2013 Amador County, 

California 

Boiler ruptured in a biomass power plant 

April 2013 Shakopee, Minnesota Explosion igniting a fire in two of the fuel 

storage silos that burned or over a week 

December 2012 Copenhagen, 

Denmark 

Wood dust explosion in a wood pellet silo 

November 2012 Nijmegen, 

Netherlands 

Coal/biomass facility exploded due to 

“steam pipe overpressure” 

October 2012 Sitka, Alaska Biomass boiler blew up 

September 2012 

(15th and 18th) 

White Pine, Oregon Sawdust pile burst into flames 

August 2012 Avedore, Denmark Biomass power incinerator experienced a 

fire that began in an electrical conveyor 

system and spread to the wood pellet silo 

July 2012 White Pine, Oregon Woodchip pile caught fire due to 

spontaneous combustion 

May 2012 Copenhagen, 

Denmark 

Wood dust explosion in  a wood pellet silo 
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Table 5. Accidents at biomass facilities [37] (cont.) 

Date Place Accident 

March 2012 Blue Lake, California Pipe explosion in a biomass incinerator 

February 2012 Essex, United 

Kingdom 

Massive fire raged inside a wood pellet silo 

January 2012 Sacul, Texas Explosion in a biomass power incinerator 

October 2011 Port of Tyne, United 

Kingdom 

“Huge” fire ripped through a storage facility 

for wood pellets 

June 2011 Waycross, Georgia Wood pellet processing plant exploded 

May 2011 Middlebury, Vermont Baghouse filter system for a combined heat 

and power facility caught fire 

March 2011 Portsmouth, New 

Hampshire 

Friction in a wood pellet crushing machine 

started a three alarm fire 
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2. AIM OF THE PROJECT 

The depletion of fossil fuels has motivated the appearance of a huge range of new fuels that 

can be grouped under the term biomass. These new fuels are deeply studied in order to find 

out materials less pollutant but that can produce enough energy to be interesting. 

Nevertheless, some of the risks associated to these fuels are still unknown, and their 

production and use can generate many accidents and both human and economic loss. One 

of the main risks associated to every powdery substance is the flammability risk, which may 

cause ignitions and/or explosions on industrial facilities. In order to clarify this topic, and to 

give advice about the correct use, storage and transport of these fuels, flammability 

parameters of a wide range of solid fuels have been studied in the present thesis. 

The main objective of this research is the determination of the safety conditions against 

explosive atmospheres (ATEX) risks in the facilities related with the biomasses processing.  

As specific objectives, the following steps have been followed: 

 Study of the operation conditions of different biomasses’ processing industries. 

 Development of an experimental design for analysing of flammability properties, taking 

into account that several variables may affect to experimental results, as compaction or 

granulometry. 

 Conducting the tests needed for the complete study of these parameters, including: 

chemical composition, granulometric analysis, ignition sensitivity, explosion severity, 

thermal susceptibility, gas emissions. 

 Analysis of the different variables that influence these flammability parameters. 

 Statistical analysis of the obtained results. 

According to the results obtained following these steps, the main parameters that influence 

the flammability properties of different solid fuels have been determined. Once these 

parameters are well known, prevention and protection measurements can be implemented 

in this kind of facilities in order to avoid the ignitability of the dusts. 
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3. LITERATURE REVIEW 

3.1. DUST EXPLOSIONS 

Even though the most known explosions are those caused by combustible gases, dust 

explosions are as frequents and damaging as the first ones, and it is important to remark that 

“both types of explosions have the potential to cause loss of life, personal injury, property damage business 

interruption, and environmental degradation” [38]. 

The definition of dust is a much discussed question. It can be considered as the solid particles 

that can pass through a sieve of 500 µm. However, for practical purposes dust is defined as 

“those solid particles that are deposited under the effect of its weight, but can remain 

suspended for some time”. [39] That would surely include any fraction of the particle 

distribution below 1 mm. 

A dust explosion is an uncontrolled rapid combustion propagating itself with generation of 

heat and gases at high temperatures and pressures.[39]. It can occur in every facility where 

dust is handled or storage, due to almost all the combustible materials are susceptible to 

developing the combustion process when achieving a grain size small enough. 

A dust explosion occurs when five factors come together to make what has been called the 

‘dust explosion pentagon’ [40]: 

(i) Presence of combustible dust in finely divided form 

(ii) Availability of oxidant 

(iii) Presence of an ignition source 

(iv) Some degree of confinement 

(v) State of mixed reactants 

 

Figure 8. Dust explosion pentagon 
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3.1.1. DUST EXPLOSIBILITY PARAMETERS AND ASSESSMENT 

Several researchers have studied over the years the main parameters that affect the dust 

explosions risks, and seven characteristics have been determined as the most important ones 

 

Chemical composition 

Chemical composition is one of the main parameters influencing the flammability of solid 

fuels, mainly in coal samples, due to their rank is an ultimate characteristic for their self-

heating tendency, i.e. the lower the rank of the coal, the higher the self-ignition tendency is. 

A decrease on the rank means an increase on moisture, volatile matter and oxygen and 

hydrogen content, due to the presence of long chain hydrocarbons. These relations are 

enhanced with the negative relation between the mineral matter and the self-ignition 

tendency of coal [41], or the positive one existing with carbon, hydrogen and volatiles 

contents [42]. 

Historically, moisture is one of the most important parameters due to its antagonistic effect 

in the dust explosion propagation mechanism. The study of this parameter is difficult, 

because depending on the chemical composition of the dust, the moisture may inhibit or 

promote the ignition of dusts and the severity of the explosion [43]. At lower moisture 

content, the moisture would mainly consume the reaction heat of dust explosion by 

temperature rise and phase change. In this situation, because the heat consumption is 

proportional to the mass of moisture, the measured explosion severity reduces gently and 

linearly with the rising moisture content. Nevertheless, as the moisture content continues to 

rise, due to the stronger interparticle cohesion between particles, besides consuming heat, 

the existence of moisture would also cause the agglomerations of dust particles and, thereby, 

increase the effective particle size of dusts and weaken dispersion of dust cloud, so that the 

reduction of explosion becomes more remarkable and even dust cloud cannot ignite.[44] 

 

Particle size 

It is well known that fine particles facilitate the flame propagation [45]. The easiness of 

ignition of a dust cloud and the severity of the explosion increases when the particle size is 

smaller [46]. However, if the particles in an organic dust are really small and the 

devolatilisation no longer control the explosion rate, further particle size reduction will not 

increase the overall combustion rate further. That is why for many metals the limiting particle 
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is considerably smaller than for most organic materials and coals: metals do not produce an 

homogeneous combustible gas phase by devolatilisation as organic materials do [47].  

 

Figure 9. Influence of particle size on the explosibility of dusts [47] 

The particle size does not have a significant effect on the amount of residue, whereas the 

maximum peak temperatures increase as the sample become finer. This may be the result of 

mineral constituents in liberated for at finer size fraction. [48] 

 

Dust concentration 

The concentration of dust is an important parameter, mainly due to the explosibility limits. 

This concentration must be in the range formed by the lower explosive limit and the upper 

explosive limit (flammable range) to be ignitable. In the case of dusts, the upper explosive 

limit is not very often used, being the lower explosive limit one of the most important 

parameters to consider when studying the flammability of dusts. 

Once the dust concentration is in this range, the severity of the explosion depends on this 

concentration. The concentration at which the dust starts to be explosible is called the 

minimum explosive concentration. Just after this concentration, the explosion pressure and 

the consequences of the explosion are still low. These values increase quickly from this point 

to a maximum point, and after this it remains almost constant [49], as shown in Figure 10.  
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Figure 10. Example of explosion characteristics [49] 

Dust concentration has an important influence of the explosion severity for low 

concentration, being the parameters almost constant after a maximum. This has been 

observed in all kind of dusts, including biomasses [46] and metallic dusts [50]. 

 

Ignition source 

Ignition sources are divided into eight types: flame and direct heat, hot work, electrical sparks, 

static electricity, impact sparks, self-heating and smouldering, friction sparks, and hot 

surfaces [40]. The main ignition source causing dust explosions are flame and direct heat, 

following by friction sparks [51], as shown on Figure 11 

 

Figure 11. Ignition sources for dust explosions [51] 
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To study the possibility of ignition of a source, it is necessary to take into account the energy 

of the source, the time, the volume of sample affected by this energy and its spatial 

distribution.  

A variation on the location of the ignition source produces a variation on the severity of the 

explosion. As an example, if an explosion takes place in a silo and it has a vented area, the 

nearer the ignition to the vented area, the lower the explosion pressure is [52]. 

The ignition delay is the most controversial parameter of the ignition source, and the 

explosion severity heavily depends on this parameter [53]. Several researchers have studied 

this parameter, and their experiments have been conducted with different results. Pilao et al. 

[54] worked with a 22.7 litres vessel and a 0.4 s of delay, while Cashdollar has worked with a 

20 litres vessel and 0.6 s [55] and 0.3 s [56]. Recently, Huéscar Medina et al. [57] published 

their research working with an ignition delay of 0.6 s in the 1 m3 vessel. 

 

Initial temperature and pressure 

A higher initial temperature causes a reduction of the mass of air available for combustion 

and a reduction of the moisture of the sample. These two antagonistic effects finally cause 

an increase on the explosion severity when increasing the initial temperature [58], effect that 

is also caused by an increase of initial pressure [59, 60]. Additionally, when the temperature 

of the material is higher, smouldering processes start easily and occur quicker [61]. 

 

Turbulence 

Turbulence plays a major role in determining the explosion characteristics of a dust. It is 

important to remark that some turbulence is going to appear always, since pre-ignition 

turbulence is necessary for suspending the dust clouds [62]. This turbulence causes different 

effects on ignition sensitivity parameters or on explosion severity [47]. In the case of ignition, 

turbulence will remove heat from the ignition zone by rapid convection, and ignition of a 

turbulent dust cloud generally requires higher energies/temperatures. On the other hand, the 

effect of the turbulence is to increase the violence of explosions. 

 

Gas presence 

Depending on the gas mixed with the dust, the explosion can be prevented or promoted. 
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One of the most used procedures to inhibit the explosion of a dust cloud is by inerting this 

cloud mixing the air with an inert gas until an oxygen concentration lower than the limiting 

oxygen concentration is obtained, so that there is not enough oxygen for the propagation of 

a flame [63]. The two most used gases for inerting are nitrogen and carbon dioxide [55]. 

On the other hand, the explosion severity may increase by adding promoting gases. 

Sanchirico et al. [64] concluded that an explosion generated by a hybrid mixture would have 

higher severity than one generated only by the dust involved on the mixture, while Dufaud 

et al. [65] suggested that the severity would be greater than the ones of both compounds 

taken separately. One of the most common and dangerous gases that is usually present and 

generating hybrid mixtures is methane [66]. 

 

3.2. CHARACTERIZATION OF POWDERS 

In any industrial facility, prevention and protection measurements should be design by 

studying the ignition sources that may be present in the facility and the characteristics of the 

powdery substances. These characteristics are extremely changeable, so their determination 

should be done at the beginning of their use. 

According to the nature of the characteristics, they may be divided in the following groups: 

 General characteristics. 

 Ignition sensibility. 

 Explosion severity. 

 Thermal susceptibility. 

 Thermal stability. 

 Hazardous materials’ transport. 

 

3.2.1. GENERAL CHARACTERISTICS 

This group is made by two characteristics that have to be associated to the other parameters: 

moisture of the sample and particle size, whose influence has been previously explained in 

chapter 3.1.1. 
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3.2.2. IGNITION SENSITIVITY 

The ignition sensitivity group includes every characteristic of the powders related to its 

flammability easiness. These parameters are used to design the prevention measurements of 

the industrial facilities. The lower these values, the more sensitive is the studied sample. 

Three parameters are included in this group: minimum ignition temperature (MIT), lower 

explosibility limit (LEL) and minimum ignition energy (MIE). 

The minimum ignition temperature is the lowest temperature at which the dusty sample 

starts to ignite. This test may be determined in two ways: with the dust dispersed as a cloud 

(minimum ignition temperature on a cloud) or deposited as a layer (minimum ignition 

temperature on a layer). Both parameters can be expressed in ºC and according to their values 

the maximum superficial temperatures of the equipment are limited. Several researches have 

studied these parameters [67, 68]. Polka et al [69] studied the values for several biomasses 

including corn starch and flour. 

The lower explosibility limit is the lower limit of the range of concentration of airborne 

dust to which the air-dust is potentially explosive. In general, it is expressed in terms of 

weight units by air volume unit.  For many dusts, when particle sizes are lower than 180 µm 

of diameter, the LEL is independent of the particle size. If the diameter is larger, a quick 

increment on LEL values is observed when increasing the particle size [70] 

The minimum ignition energy is the lowest energy that is enough to ignite the most 

flammable mixture of a dust cloud, determined in mJ. [71] 

 

3.2.3. EXPLOSION SEVERITY 

These characteristics allow to evaluate the explosion consequences, so they are used to design 

the protection measurements needed in the facilities. 

The parameters included in this group are: maximum pressure of explosion (Pmax), 

characteristic constant (Kmax) and limiting oxygen concentration (LOC) 

The maximum pressure is the difference between the pressure at the ignition moment 

(normal pressure) and the maximum pressure registered at the pressure-time curve. Pmax of a 

dust-air mixture is sensitive to flow properties. When the effect of turbulence is not taken 

into account, the theoretical approach may lead to underestimations or over estimations of 

the design strength of industrial equipment [72]. 
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Figure 12. Typical pressure data for dust explosions [55] 

The characteristic constant is determined by multiplying the maximum rate of pressure 

rise by the cubic root of the volume of the enclosure where the explosion occurs. 

𝑘𝑚𝑎𝑥 = (
𝑑𝑃

𝑑𝑡
)

𝑚𝑎𝑥
𝑉1 3⁄  

According to this value, the explosion can be classified in four groups, as shown in Table 6. 

Table 6. Explosion type depending on characteristic constant value 

Explosion type kmax (m·bar / s) Explosion 

St 0 0 No explosion 

St 1 1 – 200 Weak explosion 

St 2 200 – 300 Strong explosion 

St 3 >300 Very strong explosion 

 

(
𝑑𝑃

𝑑𝑡
)

𝑚𝑎𝑥
  is the maximum rise of pressure, and it mainly depends on the combustion 

speed. This parameter depends on several factors, as the characteristic constant does, 

being the main the ones detailed in Table 7 [39]. 
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Table 7. Factors influencing the maximum rise of pressure 

Factor Maximum value of 
𝒅𝑷

𝒅𝒕
 corresponds to: 

Particle size Fine granulometry 

Dust concentration 
Much higher than the minimum explosive 

limit 

Energy of the ignition source Powerful sources 

Location of the ignition source Central locations 

Initial temperature High 

Initial pressure High 

Turbulence High 

Gases presence Flammable gases 

The limiting oxygen concentration is the minimum percentage of oxygen at which an 

explosion occurs, in volume percent. This parameter depends on the concentration of dust 

in the atmosphere (Figure 13), but it is determined for the worst situation that can occur. 

 

Figure 13. Effect of reduced oxygen concentration on coal dust explosibility [55] 
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The LOC measurement is not normally used directly to provide inert levels as a reasonable 

safety factor should be applied to account for the sensitivity, accuracy and reliability of the 

plant monitoring system to establish safe inert levels in industrial processes and to set oxygen 

concentration alarms or interlocks in internal vessels [73]. NFPA 69 [74] recommends 

keeping the system oxygen concentration at least 2% lower than measured LOC value when 

protecting equipment. 

 

3.2.4. THERMAL SUSCEPTIBILITY 

This group is used to know the thermal behaviour of solids and to determine their self-

ignition tendency. The parameters of this group are: Maciejasz index (MI), temperature of 

emission of flammable volatiles (TEV), and those determined by thermogravimetric and 

differential scanning calorimetric tests. 

Maciejasz index is obtained as a result of a test for the reactivity to oxygen, particularly to 

peroxides. The test consists of attacking the sample with hydrogen peroxide, H2O2, and then 

observe its behaviour. If the substance has avidity for oxygen, they will combine each other 

through an exothermic reaction which will rise the temperature. Maciejasz Index, MI, is an 

inverse function of the time, t, in minutes, necessary for the sample to rise its temperature 

65 K from the initial ambient temperature, when reacts with the oxygen peroxide: 

    MI = 100 / t 

 Self-ignition risk is considered when MI > 10. 

The temperature of emission of flammable volatiles’ test is very useful to analyse a 

possible thermal degradation of organic matters generating volatile substances capable of 

being ignited. The testing method consists of heating a portion of the sample at increasing 

temperatures and then approaches a glowing wire as an ignition source. If the sample 

produces flammable vapours, these would be more sensitive to ignition than the solid 

product itself and they can be ignited at lower temperatures. 

In Thermogravimetric Analysis (TG) the mass of the sample is measured as a function of 

its temperature when heated following a programmed heating rate. Figure 14 shows a typical 

TG plot, with the derivative curve dTG superimposed, where some significant parameters 

can be defined, such as the combustion induction temperature (IT) and the maximum 

mass loss temperature (MLT). The MLT is an indicator of the reactivity of the product 
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such as it represents the yield of volatiles due to the pyrolysis process: the higher this 

temperature, the lower the reactivity of the sample.  

 

Figure 14. Typical thermogravimetric curve 

TG analyses have been widely used to study the kinetics of combustion processes [75, 76]. 

The main advantages of this analysis are its rapid assessment of the value and the 

temperatures at which combustion starts and ends [77]. Thanks to the thermogravimetric 

curves, the three stages of a combustion process can be easily determined [78]. First of all, 

the dehydration and drying process, followed by the devolatilisation of the organic matter, 

where the main weigh of loss occurs. Finally, the inorganic material of the sample is 

decomposed by the oxidation of the char remaining after the volatiles were removed from 

the samples. Added to this, TG is an excellent method for accurate determination of the 

ignition temperature of solid fuels [79]. 

In the case of the samples studied and due to their structural composition, two points of 

maximum mass loss, the resultant from the devolatilization of holocellulose (MLT_LV), and 

that corresponding to the devolatilization of lignin (MLT_HV) are obtained [80], as can be 

seen in Figure 15. 
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Figure 15. Thermogravimetric curve for biomasses 

As a general rule, when an oxygen stream is used instead of air stream, the reaction takes 

place quicker, and the sample has a peak mass-loss rate at a determined temperature called 

characteristic oxidation temperature (Tcharact), that is different for each sample (Figure 

16).  

 

Figure 16. Curve of thermogravimetry with oxygen test 

Depending on this parameter samples can be classified by its self-ignition risk, as shown in 

Table 8. 
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Table 8. Self-ignition risk depending on characteristic temperature values 

Self-ignition risk 
Characteristic temperature 

(ºC) 

Very high ≤ 250 

High 250 – 299 

Medium 300 – 349 

Low ≥ 350 

 

Using data from conventional thermogravimetry analysis with air stream and the mathematic 

model proposed by Cumming [81], the apparent activation energy of a sample is calculated 

at the temperature of maximum mass loss of holocellulose. 

Cumming’s equation relates the apparent activation energy to the rate of mass loss, allowing 

the estimation of the ‘‘apparent activation energy’’, Ea, from the slope of the least-squares 

straight line fitted to the chosen test data: 

𝑙𝑛 (−
1

𝑊∞
·

𝑑𝑤

𝑑𝑡
) = −𝑙𝑛𝐴 −

𝐸𝑎

𝑅 · 𝑇
 

Where:  W∞: Mass of unburnt sample (g) 

  dw/dt: Instant velocity of mass loss (g/s) 

A: Frequency factor 

Ea: Apparent activation energy (J/mol) 

R: Universal gas constant (8.314 J/mol KT: Absolute temperature (K) 

Thermodynamic and mathematic basis of Cumming’s equation, based on the equations that 

characterise the first-order reactions, simplifies and makes easier the calculus and use of the 

value of the apparent activation energy, thus becoming a characteristic parameter of the 

sample and representative of the ease with which the reaction will be produced. 

The value of activation energy (Ea) has been used to classify coal samples according to their 

self-ignition risk as shown in Table 9. 
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Table 9. Self-ignition risk depending on activation energy values 

Self-ignition risk 
Characteristic temperature 

(ºC) 

Very high ≤ 79 

High 80 – 89 

Medium 90 – 94 

Low ≥ 95 

When plotting the values of Ea and Tcaract a thermal susceptibility graph is obtained in 

which different degrees of reactivity or tendency to self-ignition can be distinguished (Figure 

17). 

 

Figure 17. Thermal susceptibility graph 

In the case of Differential Scanning Calorimetry (DSC) the sample is heated at a regular 

rate, previously established and a reference inert product is placed in another crucible. The 

difference in temperature between the sample and the reference is measured and recorded 

against the temperature of the oven and the exchanges of heat in the sample are determined. 

Figure 18 shows a typical DSC record. The parameters used to characterize different 

substances are the minimum temperature at which the exothermic reaction begins (initial 

temperature, IET), the maximum temperature reached during the exothermic reaction 

(final temperature, FET) and the temperature at which the fast exothermic reaction 

commences (change of slope temperature, CST). 
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Figure 18. Typical curve of differential scanning calorimetry 

 

3.2.5. SELF-IGNITION 

The self-ignition temperature is determined in samples of different volumes in an 

isothermal oven that reproduces environmental temperatures [82]. The temperature in the 

middle of the sample is recorded against time, and three different curves may be obtained 

(Figure 19): 

A. Subcritical. At an experimental temperature TA the sample becomes hotter, 

approaching the temperature of the oven. The sample does not produce heat by itself 

and no ignition is observed. 

B. Critical. The temperature of the sample slightly surpasses the oven’s one for time, 

but then tends towards the oven temperature. 

C. Supercritical. Heat production in the sample surpasses its heat losses. Eventually, 

non-stationary conditions are reached and the sample temperature increases rapidly 

over that of the oven and ignition occurs. 
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Figure 19. Thermal behaviour of the dust materials in the isothermal oven [83] 

According to the Standard EN 15188 [83], the self-ignition temperature (SIT) may be 

determined as: 𝑆𝐼𝑇 =
𝑇𝐵+𝑇𝐶

2
 

The SIT for dusts and bulk materials increases with a decreasing oxygen content in the 

surrounding. Wetting can turn a sub-critical into a super-critical deposit and finally lead to 

an ignition after water vapour evaporated on the particles. Thus, the SIT of a certain volume 

can be reduced by pouring cater on the surface of a bulk material [84]. 

 

3.3. GAS EMISSIONS 

The self-ignition temperature can be determined in samples of different volumes in an 

isothermal oven that reproduces environmental temperatures [85], but this technique needs 

a large amount of sample and a long time for testing. On the other hand, self-ignition 

properties can be determined by thermogravimetry and differential scanning calorimetry 

techniques [75, 76], which need less amount of sample and provides more information about 

the combustion process [77].  

Also numerical simulations can be used to study the combustion processes of dust materials 

[86]. The combustion process starts even before the point at which is determined by these 

analyses, and the first indicator of this combustion is the gas emissions associated to their 

heating processes. In fact, in the very beginning stage of a self-combustion process, the 

heating starts to break some chemical bonds in the solid structure, releasing molecules of 

gases. 
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Due to this conviction, experimental research has been carried out in order to develop a new 

methodology for the detection of the incipient self-ignition processes in solid fuels [87], and 

it has been implemented in several fuels to study their self-ignition tendency. 

It is well known that gas emissions rise when the temperature of the sample rises, i.e. the CO 

and CO2 emissions are higher when the temperature of the sample is higher. However, this 

rising is different depending on the composition of the sample, and the starting point of this 

process can be considered as characteristic parameters for self-ignition detection. 

If the CO or CO2 emissions are plotted vs the temperature of the sample (Figure 20), the 

starting point of the rise can be considered as the incipient self-ignition temperature. 

 

Figure 20. CO emissions vs temperature 
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4. MATERIALS AND METHODS 

4.1. MATERIALS 

4.1.1 SOLID FUELS 

Sixteen different samples (Figure 21) have been chosen for this analysis trying to have 

representative samples of all the groups, as shown on Table 10. Eight of these samples have 

been studied with two different granulometries. 

 

 

Figure 21. Solid fuel samples pictures 
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Table 10. Solid fuel samples 

Sample Grain size Material 

NFA-1 Fine Wood pellets 

NFA-1 Coarse Wood pellets 

NFA-2 Fine Stubble 

NFA-3 Fine Coal 

NFA-4 Fine Wood chips 

NFA-4 Coarse Wood chips 

NFA-5 Fine Sewage sludge 

NFA-6 Fine Plastic 

NFA-6 Coarse Plastic 

NFA-7 Fine Sewage sludge 

NFA-7 Coarse Sewage sludge 

NFA-8 Fine Sewage sludge 

NFA-9 Fine Sewage sludge 

NFA-10 Fine Coke 

NFA-10 Coarse Coke 

NFA-11 Fine Coal 

NFA-12 Fine Straw 

NFA-13 Fine Almond shell 

NFA-14 Fine Plastic 

NFA-14 Coarse Plastic 

NFA-15 Fine Olive pit 

NFA-15 Coarse Olive pit 

NFA-16 Fine Torrefied wood pellets 

NFA-16 Coarse Torrefied wood pellets 
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4.1.1 SEWAGE SLUDGE SAMPLES 

Twenty sewage sludge thermally dried samples have been studied. Those samples have been 

chosen in order to study seasonal and regional variations, so the samples come from different 

facilities and also from different seasons. The samples have been collected in eight 

wastewater treatment plants belonging to three regions in Spain: Barcelona, Madrid and 

Málaga. According to the season when the samples have been collected, they are classified in 

summer samples or winter samples. If the samples have been collected between May and 

September, they are classified as summer samples. Otherwise, they have been classified as 

winter samples. The samples collected are detailed in Table 11 

Table 11. Sewage sludge samples 

Sample Origin Season 

LRET-101 Barcelona Summer 

LRET-102 Barcelona Summer 

LRET-103 Barcelona Winter 

LRET-104 Madrid Summer 

LRET-105 Madrid Summer 

LRET-106 Madrid Summer 

LRET-107 Madrid Winter 

LRET-108 Madrid Winter 

LRET-110 Madrid Winter 

LRET-111 Madrid Winter 

LRET-112 Málaga Winter 

LRET-113 Málaga Winter 

LRET-114 Barcelona Summer 

LRET-115 Barcelona Summer 

LRET-116 Barcelona Winter 

LRET-117 Barcelona Winter 

LRET-118 Madrid Winter 

LRET-119 Madrid Winter 

LRET-120 Barcelona Winter 

LRET-121 Madrid Summer 
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4.1.3 MIXTURE SAMPLES 

Ten mixture samples using coal (NFA-11), sewage sludge (NFA-7) and torrefied wood 

pellets (NFA-16) of less than 180 microns have been used in order to study different 

possibilities of cofiring processes (Table 12). 

Table 12. Mixture samples 

Samples 
Torrefied wood 

pellets (%) 
Sewage sludge (%) Coal (%) 

NFA-101 0 25 75 

NFA-102 0 50 50 

NFA-103 0 75 25 

NFA-104 25 0 75 

NFA-105 50 0 50 

NFA-106 75 0 25 

NFA-107 25 75 0 

NFA-108 50 50 0 

NFA-109 75 25 0 

NFA-110 33.33 33.33 33.33 
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4.2. METHODS 

4.2.1. ELEMENTAL ANALYSIS 

Elemental analysis provides the content of carbon, hydrogen, nitrogen and sulphur of the 

studied materials. It has been determined using a Leco TrueSpec located at Laboratorio de 

Combustibles y Petroquímica, as the one showed on Figure 22. 

 

Figure 22. Leco TrueSpec 

Carbon, hydrogen and nitrogen contents are determined following the Standard EN 15407 

[88], based on the complete oxidation of the materials. The procedure starts with the 

conversion of C, H and N in their corresponding gases during the combustion in an 

atmosphere of oxygen of the sample (CO2, H2O and NOx respectively). The other 

combustion products are cleaned before the detection of the gases to avoid interferences. 

NOx gases are reduced to N2, and this is determined like the CO2 and H2O by infrared 

spectrometry and thermal conductivity 

The total sulphur content is determined in solid fuels mainly for environmental and technical 

reasons. It is determined following the Standard EN 15408 [89] consisting of the combustion 

at high temperature on a tube furnace and the detection by infrared absorption. The 

procedure starts by the burning in the tube furnace of a portion of the sample, with the 

presence of oxygen at least at 1350 ºC. During the combustion, sulphur and its compounds 

are decomposed and oxidized to SO2. This SO2 is detected by the infrared spectrometer.  
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4.2.2. PROXIMATE ANALYSES 

Proximate analyses have been performed according to the standards shown in Table 13. Due 

to the high ash content of sewage sludge samples, these samples have been analysed 

according to coal standards and not to biomass standards. 

Table 13. Standards used for proximate analyses 

 
Coal & sewage sludge 

samples 
Biomass samples 

Ash content UNE 32004 [90] EN 14775 [91] 

Volatile content UNE 32019 [92] EN 15148 [93] 

Moisture content UNE 32002 [94] EN 14774 [95] 

 

Contents have been determined in dry basis, and fixed carbon has been determined as the 

complementary part to sum 100% (Fixed carbon = 100 – (Volatiles + Ashes)) 

 

4.2.2.1. ASH CONTENT 

First of all, a laboratory dish is weighted. Between 1 and 2 grams of sample is placed on it 

and it is weighted empty (Figure 23). The laboratory dish with the sample is placed inside the 

oven at room temperature. 

 

Figure 23. Dish for ash content 

The temperature of the oven has to rise under a determinate range, depending on the sample 

that is tested:  
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 For coal: Temperature is raised from room temperature to 250ºC in 30 minutes, then 

to 500ºC in other 30 minutes and finally to 815 ± 10 ºC in 30 to 60 minutes. Finally, 

815 ºC remains for 60 minutes. 

 For biomass: Temperature rises from room temperature to 250ºC in 30 to 50 minutes 

and it remains at this temperature for 60 minutes. Later, it rises to 550 ± 10 ºC in 30 

minutes and it remains for 120 minutes. 

When the heating time finishes, the laboratory dish with the ashes is removed from the oven 

and cooled for 10 minutes outside and for 15 minutes inside a desiccator with a dehydrating 

agent. 

Ash content is determined with the following equation: 

𝐴𝑑 =
𝑚3 − 𝑚1

𝑚2 − 𝑚1
· 100 ·

100

100 − 𝑀𝑎𝑑
 

Where  m1 is the laboratory dish weight, in grams 

 m2 is the laboratory dish and the sample weight before heating, in grams 

 m3 is the laboratory dish and the ash weight after heating, in grams  

 Mad is the moisture of the sample 

 

4.2.2.2. VOLATILE CONTENT 

The oven is pre-heated at 900 ± 10ºC. Before the test procedure, furniture must be cleaned 

by placing the crucibles in a rack (Figure 24), and inside the oven for 7 minutes. They are 

removed from the oven and cooled first in a flat surface and later in the desiccator. When it 

is cold, the crucible and its cover are weighted. Between 1 and 1.01 grams of sample are 

placed inside the crucible and the crucible, its cover and the sample are weighted. 
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Figure 24. Crucible for volatile content 

The crucible is placed in the rack uncovered and the crucible, the rack and the cover are 

introduced into the oven for 7 minutes. After this time, they are removed and cooled. When 

they are cold, the crucible, its content and its cover are weighted. 

Volatile content is determined with the following equation: 

𝑉𝑑 = (
100(𝑚2 − 𝑚3)

𝑚2 − 𝑚1
− 𝑀𝑎𝑑) · (

100

100 − 𝑀𝑎𝑑
) 

Where  m1 is the crucible weight, in grams 

 m2 is the crucible and the sample weight before heating, in grams 

 m3 is the crucible and its content after heating, in grams  

 Mad is the moisture of the sample 

 

4.2.2.3. MOISTURE CONTENT 

Before the test, the weighing bottle is dried in an oven at 105 ± 2 ºC. 

The oven is preheated at 105 ± 2 ºC. The weighing bottle and its cover (Figure 25) are 

weighted. Between one and two grams of sample are placed inside the weighing bottle and 

this with the cover are weighted. 
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Figure 25. Weighing bottle for moisture content 

The weighing bottle is placed in the oven at 105 ± 2ºC discovered for at least 60 minutes. 

Because of the heterogeneity of the biomass samples, they have been placed for at least 2 

hours, after that no mass change is observed after future drying. After this time, they are 

removed and cooled. When they are cold, the weighing bottle, its content and its cover are 

weighted. 

Moisture content is determined with the following equation: 

𝑀𝑎𝑑 =
𝑚2 − 𝑚3

𝑚2 − 𝑚1
· 100 

Where  m1 is the weighing bottle and its cover weight, in grams 

 m2 is the weighing bottle, its cover and the sample weight before drying, in grams 

 m3 is the weighing bottle, its cover and the sample weight after drying, in grams  

 

4.2.3. GRANULOMETRY 

Granulometry of thin samples have been determined thanks to Mastersizer 2000, which is 

based on laser diffraction. When the particles of the sample studied cross a beam they cause 

a Fraunhofer diffraction. The intensity of diffracted light is proportional to the particle size 

and the diffraction angle varies inversely with it. The software provides a granulometric curve 

volume (%) vs particle size, as the sample shown in Figure 26. 

Six parameters were obtained through this software: 

 The grain diameter where 10% of the distribution has a smaller particle size: d10. 

 The grain diameter where 50% of the distribution has a smaller particle size: d50. 
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 The grain diameter where 90% of the distribution has a smaller particle size: d90. 

 Total area of a material per unit of mass: specific surface area (SSA). 

 The diameter of the sphere that has the same volume/surface area ratio as the particle 

of interest: d[3,2] (surface weighted mean) 

 The diameter of the sphere of equal volume to the particle: d[4,3] (volume weighted 

mean) 

 

Figure 26. Granulometry curve obtained with Mastersizer 2000 

Granulometry of coarse samples have been determined with sieves of different sizes, each 

sieve having double size than the one that follows it. The amount of sample that pass through 

each sieve is weighted and recorded, and the accumulative percentage of sample that pass 

through it is determined. With these data, a granulometric curve as the one shown in Figure 

27 is obtained. 

 

Figure 27. Granulometric curve of coarse particles 
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4.2.4. THERMAL CONDUCTIVITY 

Thermal conductivity has been calculated at 100ºC, so thermal diffusivity and specific heat, 

which are involved in its determination, have been determined at this temperature. It has 

been estimated by the following equation. 

𝜆 =  𝛼 · 𝜌 · 𝐶𝑝 

Where λ is thermal conductivity (W/m·K) 

 α thermal diffusivity (m2/s) 

 ρ density (kg/m3) 

 Cp specific heat (J/kg·K) 

 

 4.2.4.1. Thermal diffusivity 

Thermal diffusivity has been determined by the procedure described by Wilén et al. [96]: A 

one-liter cubic volume was filled with the dust sample and placed in an isothermal oven 

where the temperature was stabilised and lower than the self-ignition temperature for that 

volume. A thermocouple placed in the centre of the volume was used to record the 

temperature. 

The volume is filled without tamping, tapping, or using any other procedure that could 

increase the density for the no-compacted test, and compacted with a 10.5 kg weight for the 

compacted one. 

The thermal diffusivity was estimated following the equation given below (as a result of non-

dimensional Fourier number): 

𝛼𝑡

𝑏2
= 0.1 

Where α is thermal diffusivity 

 b half edge length 

 Ta stabilised oven temperature (100ºC) 

 To initial sample temperature 
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 t time necessary for the temperature at the centre to reach T= (Ta – 0.86 (Ta – To)) 

 4.2.4.2. Density 

Density for no compacted samples has been determined with a 0.1 litres test tube. The test 

tube is filled with the dust sample thanks to a funnel located 5 centimetres below the first 

line of the tube. 

Density for compacted samples has been determined by weighting the volume used for 

determining the thermal diffusivity and dividing it by 1 litre, that is the volume. 

 4.2.4.3. Specific heat  

Specific heat values for the studied samples have been determined with the DSC curves [97], 

thanks to Equation: 

𝑑𝐻

𝑑𝑡
= 𝑚 · 𝑐𝑝 ·

𝑑𝑇

𝑑𝑡
 

Where   
𝑑𝐻

𝑑𝑡
 is the energy absorption (W) 

 M the mass of the tested sample (g) 

 Cp the specific heat (J/kg·K) 

 
𝑑𝑇

𝑑𝑡
 the heating rate (K/s) 

Measures have been done for two temperatures, 80ºC and 120ºC, trying to avoid the 

influence of the moisture loss that takes place at 100ºC. 

Specific heat follows the following relation with temperature: 𝑐𝑃 = 𝑎 + 𝑏 · 𝑇 + 𝑐 · 𝑇2 + ⋯,, 

where a, b and c are constants that are decreasing on value since the degree of the other term 

is rising. That is why from the third term in advance, terms can be omitted, and it can be 

considered that the specific heat follows a linear relation with temperature. With this 

estimation, specific heat at 100 ºC has been determined by a linear interpolation between the 

values experimentally obtained for 80 ºC and 120 ºC. 
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4.2.5. IGNITION SENSITIVITY 

 4.2.5.1 Minimum ignition temperature layer 

The minimum ignition temperature on a layer is the lowest temperature at which the dusty 

sample starts to ignite, and it is determined following the Standard EN 50281-2-1 [98], as 

described below.  

The test equipment consists on a round hot surface of 20 mm diameter, electrically heated. 

It can reach 400ºC and its temperature is controlled with two thermocouples located at the 

middle point of the plate (Figure 28). 

 

Figure 28. Equipment for determining minimum ignition temperature on layer [98] 

One thinner thermocouple (diameter of 0.20 to 0.25 mm) should be located 2 or 3 mm on 

the plate. 

Dust layers are formed with a metallic ring 100 mm diameter and 5mm thickness located in 

the middle of the plate (Figure 29). Dust is deposited inside the ring with a spatula and 
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distributed without compact the sample. Finally, the layer should be screed and all the excess 

dust should be separated. 

 

Figure 29. Ring used for minimum ignition temperature on layer [98] 

Once the layer is formed, it is consider that ignition occurs if: 

 Incandescence or visible flame is shown. 

 450ºC are reached. 

 A 250 K elevation of the plate temperature is measured. 

Test has to be developed for 30 minutes before saying that no ignition appears. Tests have 

to be carried until a minimum ignition temperature is determined. It is the lowest temperature 

at which ignition occurs, round to a multiple of 10ºC. 

The highest temperature at which ignition does not occur with a difference of 10ºC with the 

minimum ignition temperature has to be recorded, and it has to be checked three times. 
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This test establishes a standard thickness of the dust layer of 5 mm. But in an industrial 

facility, the thickness of dust layers is not going to be limited to this value, and different 

parameters are going to vary the minimum temperature at which a layer may ignite. 

A first correlation between the maximum admissible surface temperature and the thickness 

of a dust layer deposited on this surface depending on the minimum ignition temperature on 

a layer of 5 millimetres is shown in Standard EN 60079-14 [99] (Figure 30). However, these 

correlations are done according to different groups, and the values shown are 

approximations of the real values, which should be determined for each single case. Trying 

to see this differences, tests have been carried out for dust layers with thickness of 50 

millimetres. The procedure previously described for a 5 millimetres layer has been adapted 

by increasing the time that has to be waited until determining that no ignition occurs to 8 

hours. Furthermore, two different compactions have been studied. In the case of no 

compacted sample, the layer is formed by adding the sample to the ring without tapping or 

pressing. In the second case, compaction has been performed with a 2.2 kg round weight, 

which had the same diameter as the ring. The ring was previously filled of dust and then 

compacted with the weight. 

 

Figure 30. Correlation between maximum admissible surface temperature and thickness of the dust 
layer [99] 
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 4.2.5.2 Minimum ignition temperature on a cloud 

The minimum ignition temperature on a cloud is determined through the furnace shown in 

Figure 31, following the procedure described in Standard EN 50281-2-1 [98]. In this furnace 

a silicon tube is placed vertically with its bottom open to the air. Its top is connected to the 

dust bowl through a glass adapter. Dust is dispersed in the oven through solenoid valve that 

releases compressed air. 

 

Figure 31. Furnace for minimum ignition temperature on cloud [98] 

0.1 grams of dust are placed on the dust bowl and the equipment temperature is adjusted to 

500ºC and air overpressure of 0.1 bar. Dust is dispersed. If no ignition occurs, the test has 

to be done again increasing the temperature of the equipment 50 K until ignition or until 

1000 ºC. 
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Once ignition appears, dust mass and air pressure have to be varied until the most vigorous 

explosion is observed. With the same mass and pressure, temperature has to be reduced 20 

K until a temperature where no ignition occurs in 10 times. 

Ignition occurs when a visual flame is observed at the bottom of the silicon tube. Sparks 

without flame is not ignition. 

The minimum ignition temperature of a cloud is the minor temperature of the equipment at 

which ignition occurred, deducting 20 K for equipment temperatures of more than 300 ºC, 

or deducting 10 K for equipment temperatures of less or equal to 300 ºC. 

 

4.2.5.3 Lower explosive limit 

Lower explosive limit is determined with the 20 litres sphere (Figure 32), according to EN 

14034-3 [100]. It is defined as the lowest concentration of dust at which the air-dust mixture 

is explosive. 

 

Figure 32. 20 litres sphere [101] 

The sample is placed on the dust pot and this pot is pressurized to 20 bars. The 20 litres 

sphere has to be at ambient pressure. The ignition delay is (0.6 ± 0.01) s. Pressure is recorded 

versus time. Explosion pressure (pex) is the arithmetic mean of the values measured by the 

pressure sensors. 
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This procedure has to be repeated for a dust concentrations interval, from 500 g/m3 it is 

decreased with a decrease of 50%. If the concentration has to be increased, it will be done 

with an increment of 500 g/m3. The first concentration at which no explosion occurs is the 

lower explosive limit. 

 

4.2.5.4 Minimum ignition energy 

Minimum ignition energy is defined as the minimum amount of energy required to ignite a 

dust cloud [102]. It is determined following the procedure detailed on Standard EN 13821 

[103]. 

This procedure is done by using a Mike 4.3 apparatus [104] (Figure 33). The apparatus 

consisted of a vertical cylindrical glass tube with an inner diameter of 68 mm and a height of 

300 mm giving a volume of 1.2 L. The opposing ignition electrodes (6mm gap) were located 

half way up the tube. The tube was connected at its base to a 50 ml air reservoir pressurised 

to 7 bar.  

 

Figure 33. Mike 4.3 apparatus [101] 

For each test a known mass of powder was placed in the dispersion cup and the powdered 

was dispersed into the tube by releasing opening the pressurised air reservoir. The spark was 

automatically activated with an ignition delay of 120 ms, to allow time for dispersion within 

the tube. The spark energy could be changed taking values of 1000, 300, 100, 30, 10, 3 and 1 

mJ. A visual verification of a propagating flame in the glass tube was required for an 
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explosion to have occurred, in accordance with Standard EN 13821. A total of 10 

consecutive non-ignitions were required for a given test condition to be considered non-

ignitable. The MIE was estimated using the probability of ignition as stated below [103]. 

 𝑙𝑜𝑔𝑀𝐼𝐸 = 𝑙𝑜𝑔𝐸2 − 𝐼[𝐸2] ·
(𝑙𝑜𝑔𝐸2−𝑙𝑜𝑔𝐸1)

(𝑁𝐼+𝐼)[𝐸2]+1
 

Where I[E2] was the number of tests with successful ignition at E2 and (NI+I)[E2] stands 

for the total number of tests at the energy level of E2, and E1 is the highest energy at which 

no ignition occurs. 

 

Figure 34. Caption of Mike 4.3 software 

 

4.2.6. EXPLOSION SEVERITY 

The three parameters of this group are measured with the 20 litre sphere. 

4.2.6.1 Maximum pressure 

Maximum pressure is determined according to the standard EN 14034-1 [105]. 

Determination of explosion characteristics of dust clouds. Determination of the maximum 

explosion pressure pmax of dust clouds. 

The sample is placed on the dust pot and this pot is pressurized to 20 bars. The 20 litres 

sphere has to be at ambient pressure. The ignition delay is (0.6 ± 0.01) s. Pressure is recorded 
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versus time. Explosion pressure (pex) is the arithmetic mean of the values measured by the 

pressure sensors. 

This procedure has to be repeated for a dust concentrations interval, from 250 g/m3 it is 

increased with an increment of 250 g/m3, o decreased with a decrease of 50 %. 

Explosion pressure is determined for all these concentrations, and they are plotted versus 

concentrations. The maximum value of these explosions pressures is the maximum pressure. 

4.2.6.2 Rate of explosion pressure rise 

Rate of explosion pressure rise is determined according to the standard EN 14034-2 [106]. 

Determination of explosion characteristics of dust clouds. Determination of explosion 

pressure rise (dp/dt)max of dust clouds. 

The rate of explosion pressure rise is defined as the maximum value of pressure rise per unit 

of time during explosions in hazardous atmospheres. 

The test procedure is exactly the same as the one used to determine the maximum pressure. 

Once the overpressure of the explosion is plotted versus time, the rate of explosion pressure 

rise is determined as the slope of the curve that goes from atmospheric pressure (zero 

overpressure) to the maximum pressure, as shown in the Figure 35, where Y1 is the 

overpressure, Y2 the rate of explosion pressure rise, X1 time, and X2 the dust concentration. 

 

Figure 35. Determination of rate of explosion pressure rise 



 

59 
 

 Materials and methods 

4.2.6.3 Standard constant 

According to EN 14034-2 [106], the standard constant is a specific characteristics of the dust 

that is independent of the volume and is determined by the cubic law equation. 

(𝑑𝑝 𝑑𝑡⁄ )𝑚𝑎𝑥 · 𝑉1 3⁄ = 𝑘𝑠𝑡 = 𝑘𝑚𝑎𝑥 

Where  (𝑑𝑝 𝑑𝑡⁄ )𝑚𝑎𝑥 is the rate of explosion pressure rise (bar/s) 

 V the volume (m3) 

 kmax, kst the standard constant (bar·m/s) 

 

4.2.6.4 Limiting oxygen concentration 

Limiting oxygen concentration is determined according to the standard EN 14034-4 [107].  

By increasing the inert gas/air ratio, and varying the dust concentration, the oxygen 

concentration has to be reduced until the level at which no explosion occurs. This 

concentration is the limiting oxygen concentration (LOC). 

The procedure starts by filling the 20 litres sphere with the inert gas/air mixture, verifying 

that the oxygen concentration is the one wanted.  

The sample is placed on the dust pot and this pot is pressurized to 20 bars. The 20 litres 

sphere has to be at ambient pressure. The ignition delay is (0.6 ± 0.01) s. Pressure is recorded 

versus time. If explosion occurs, the oxygen concentration has to be reduced by 1%. 

 

4.2.7. SELF-IGNITION 

According to EN 15188 [83], the self-ignition temperature is the maximum temperature at 

which no ignition of a predetermined volume of dust happens. 

This parameter has been determined for four different volumes. To achieve this goal, four 

cylindrical baskets have been used, of 1500, 350, 150 and 50 cm3, as shown in Figure 36. 
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Figure 36. Baskets used for SIT determination 

To determine this parameter, the basket is filled with the sample, and one K-type 

thermocouple is place in the middle of this sample. Two other thermocouples are place in 

the oven to measure its temperature. The sample is placed inside the oven, and the 

temperature of the three thermocouples are measured and registered versus time. 

Ideally, three different situations may occur, as shown in Figure 37. Normally, a process 

between two of these situations occur. 

 

Figure 37. Idealized curves of temperature change [83] 
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It is said that ignition occurs if the temperature of the sample exceeds on 60 K the 

temperature of the oven. The self-ignition temperature is a phenomenon located between 

curves B and C. 

Additionally, the United Nations establishes a classification for the transport of dangerous 

materials. It divides these materials in 9 classes, being Class 4 the one that includes the 

flammable solids, materials that can self-ignite and substances that can emit flammable gases 

if they contact the water. This class is also divided in 3 subclasses. Class 4.2 includes the 

material that can self-ignite and it describes the tests needed in order to classify these 

substances for their transport. This procedure consists on heating different volume baskets 

in an oven, with different temperatures, as explained in the schedule of Figure 38. 

 

Figure 38. Classification of substances with self-ignition risk [108] 
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4.2.8. THERMOGRAVIMETRY AND DIFFERENTIAL SCANNING 

CALORIMETRY 

Thermogravimetric (TG) and differential scanning calorimetric (DSC) analyses had been 

alredy used to assess the risk of self-ignition of different types of coal and biomass materials. 

TG and DSC analyses had been developed with a Mettler Toledo TG 50. 

In TG, the weight of the samples is measured as a function of its temperature. The procedure 

was developed from 30 ºC to 800 ºC with a heating rate of 5 K/min. The data obtained is 

plotted as a weight loss vs temperature graph, and two main parameters are obtained by 

studying these graphs: initial temperature and maximum loss of weight temperature. 

DSC is used to study the heat exchange of the sample during a heating process. The test was 

developed from 30 ºC to 550 ºC, under a heating rate of 20 K/min. In this case, the obtained 

graph is a heat flow vs temperature graph in which the different steps of the combustion 

process can be observed, and three main parameters are obtained: the temperatures at which 

the exothermic reaction starts and finishes and the temperature of change of slope, at which 

the slow exothermic reaction starts to accelerate and become a rapid reaction. 

 

4.2.9. GAS EMISSIONS 

The equipment used to carry out the gas emissions experiments is detailed below (Figure 39): 

 10 L sealed cylindrical container. 

 Isothermal oven P-Selecta. 

 Type K thermocouple. 

 Digital temperature display Testo 925. 

 1 L Tedlar sampling bags Sigma-Aldrich. 

 Gas analyser Rosemount Analytical NGA-2000. 
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Figure 39. Gas emissions test equipment 

The sample is introduced inside a 1000 cm3 cubical wired basket according to different 

arrangements (compacted and non-compacted) and this basket is introduced inside the 

sealed container. The container is closed and connected with the temperature display through 

a K-thermocouple that is placed inside the sample, approximately at its centre. Before 

introducing the container, the oven is preheated at the tested temperature. 

The sealed container is situated inside the oven to carry out the sample heating. The container 

has a narrow fitting 3 mm diameter on top where it connects to a plastic tube closed with a 

Mohr wrench.  

Once the desired temperature inside the sample is reached, the plastic tube is connected with 

the sampling bags by opening the Mohr wrench and they are filled with the gas driven by a 

suction pump. Due to the small volume of the samples tested, temperature quickly stabilizes 

and it is considered constant during the sampling time. When the bags are full, they are 

disconnected from the plastic tub and connected to the analysers. Gases emitted during 

combustion are measured, starting at the connection between bag and analyser, until gas 

emission is zero. 

The gas analyser Rosemount Analytical NGA-2000 measured emission data of CO and CO2. 

Also some H2O has been observed to condensate inside the tube, but it is not measured 

because it is not significant for the present research. 

The detection limit of the analyser has been determined. It is defined as the lowest quantity 

of a substance that can be distinguished from the absence of that substance within a stated 

confidence limit, and calculated: LOD = 3.3 · σD, where σD is the standard deviation of the 
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“blank” measurements. To determine it, 30 measures have been done with the analyser 

without sample, and the standard deviation of these measures has been determined. The 

detection limit for CO is 10.58 ppm, and for CO2 is 0.18 %vol.  

To determine the point at which emissions started, three different procedures have been 

tested. 

In the first one, the relative percentage of emissions have been determined for each 20 K – 

interval.  These relative percentages have been calculated according to the following 

procedure. 

First of all, relative differences (RD) for each 20 K – interval have been calculated as shown 

in Equation 1. 

RD = 
𝑒𝑇2−𝑒𝑇1

𝑒𝑇1
    (1) 

Where eT1 means the emissions at the lowest temperature of the interval and eT2 are the 

emissions at the highest temperature of the interval. 

After that, relative percentages (RP) are determined by Equation 2 as the division between 

the relative difference of the interval and the sum of all the relative differences of the 

experiment, multiplied by 100.  

RP = 𝑅𝐷
𝛴 𝑅𝐷𝑖

 .100    (2) 

The second procedure consists on determining the inflexion point of a third degree curve 

that has been previously obtained from the numerical results of the test. The inflexion point 

is the point in which the curve changes from a concave to a convex form, or viceversa. It 

can be determined by calculating the second derivate of the curve and equalling it to zero. 

Finally, the third procedure is based on the environmental limits that have been stablished 

for this pollutants: 25 ppm for CO and 0.5%vol for CO2 [109]. The emissions temperature 

is determined as the temperature at which these limits are achieved. 
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5. RESULTS 

5.1. SOLID FUELS 

5.1.1. PROXIMATE ANALYSIS 

Looking at the results of proximate analyses (Annex II), different groups are observed on 

Figure 40. Biomasses are located on the top of the triangle diagram. They have high volatiles 

content and low ash and fixed carbon content. 

The other well-formed group is composed by sewage sludge and plastic samples. Sewage 

sludge samples have very low fixed carbon content and their ash and volatile contents are 

similar, being a bit higher the second one. Plastic samples have low ash and fixed carbon 

contents and they have the highest volatiles content of all the studied samples. 

On the other hand, coke and coals samples have high fixed carbon content and they are 

located in different places. Coke is the most developed sample, so it has the highest fixed 

carbon content and it is located on the left side of the diagram, almost in the edge. The two 

coal samples studied are located on the middle of the diagram. The highest the rank of the 

coal, the highest its fixed carbon content is, so it is located nearer at the bottom of the 

diagram. 

 

Figure 40. Triangular diagram proximate analyses biomass samples [110] 
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5.1.2. GRANULOMETRY 

The main granulometric parameters of all the studied samples are related in Table 14. 

Table 14. Granulometry of solid fuels 

Sample d10 (µm) d50 (µm) d90 (µm) 

NFA-1 (F) 43.4 152.9 378.9 

NFA-1 (C) 1200.0 3000.0 5500.0 

NFA-2 (C) 180.0 830.0 1800.0 

NFA-3 (F) 8.2 45.8 116.1 

NFA-4 (F) 46.5 146.6 404.1 

NFA-4 (C) 400.0 1100.0 1800.0 

NFA-5 (F) 290.5 638.2 1209.7 

NFA-6 (F) 2000.0 4000.0 7500.0 

NFA-6 (C) 2800.0 9000.0 10200.0 

NFA-7 (F) 24.5 98.1 204.3 

NFA-7 (C) 1000.0 1500.0 2000.0 

NFA-8 (F) 29.6 92.0 193.7 

NFA-9 (F) 17.7 94.7 205.3 

NFA-10 (F) 8.8 77.4 194.9 

NFA-10 (C) 500.0 1200.0 3600.0 

NFA-11 (F) 4.4 26.8 68.2 

NFA-12 (F) 43.7 171.2 474.5 

NFA-13 (F) 14.8 44.3 143.0 

NFA-14 (F) 850.0 2700.0 6500.0 

NFA-14 (C) 3500.0 10000.0 10900.0 

NFA-15 (F) 20.5 68.2 196.7 

NFA-15 (C) 800.0 1300.0 1800.0 

NFA-16 (F) 22.3 104.0 326.9 

NFA-16 (C) 2300.0 3500.0 6400.0 

 

 

Additionally, for the samples with fine particle size three more granulometric parameters 

were obtained, as shown in Table 15. 
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Table 15. Granulometric parameters fine samples solid fuels 

Sample 
Specific surface area 

(m2/g) 
Surface weighted 
mean d[3,2] (µm) 

Vol. Weighted mean 
d[4,3] (µm) 

NFA-1 (F) 0.069 87.5 210.5 

NFA-3 (F) 0.307 19.5 55.3 

NFA-4 (F) 0.065 92.9 207.1 

NFA-5 (F) 0.012 490.3 699.6 

NFA-7 (F) 0.125 47.8 107.5 

NFA-8 (F) 0.119 50.3 103.2 

NFA-9 (F) 0.179 33.5 104.2 

NFA-10 (F) 0.258 23.2 90.6 

NFA-11 (F) 0.620 9.7 32.1 

NFA-12 (F) 0.076 78.5 230.3 

NFA-13 (F) 0.227 26.5 75.3 

NFA-15 (F) 0.155 36.7 90.7 

NFA-16 (F) 0.130 46.0 154.8 

 

 

5.1.3. THERMAL CONDUCTIVITY 

Thermal diffusivity of the samples varies between compacted and no-compacted samples. 

Almost in all the studied samples, thermal diffusivity is higher when the sample is no-

compacted than when it is compacted. 

Thermal conductivity also varies with compaction. It depends on the thermal diffusivity and 

on the density of the samples (specific heat does not vary). Thermal conductivity of different 

samples of the same group (biomass, coal, sewage sludge) varies in different way. 

All results are shown in Table 16. 
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Table 16. Thermal conductivity of solid fuels 

Sample 
Specific 

heat 
(J/kg·K) 

Thermal diffusivity  
(10-7 m2/s) 

Density (g/L) 
Thermal conductivity 

(W/m·K) 

no 
compacted 

compacted 
no 

compacted 
compacted 

no 
compacted 

compacted 

NFA-1 (F) 1524.6 2.26 2.26 670.00 (*) 670.00 (*) 0.231 (*) 0.231 (*) 

NFA-1 (C) 1524.6 2.26 2.26 670.00 (*) 670.00 (*) 0.231 (*) 0.231 (*) 

NFA-2 (C) 1952 8.59 8.59 200.00 260.00 0.335 0.436 

NFA-3 (F) 834.45 1.49 1.21 543.27 667.47 0.068 0.067 

NFA-4 (F) 1692.61 2.93 3.13 205.67 289.4 0.102 0.153 

NFA-4 (C) 1692.61 2.75 3.55 199.67 260.55 0.093 0.157 

NFA-5 (F) 1800.4 1.59 1.53 470.67 492.35 0.135 0.136 

NFA-6 (F) 1964.1 12.0 4.10 38.67 111.97 0.091 0.09 

NFA-6 (C) 1964.1 41.7 9.66 33.00 61.6 0.27 0.117 

NFA-7 (F) 1597.1 1.38 1.10 631.33 722.07 0.139 0.127 

NFA-7 (C) 1597.1 1.23 1.15 731.23 774.58 0.144 0.142 

NFA-8 (F) 1203.9 1.40 1.12 693.93 725.98 0.117 0.098 

NFA-9 (F) 1644.6 1.22 1.01 654.67 857.78 0.131 0.142 

NFA-10 (F) 1057.48 1.69 1.37 564.27 640.89 0.101 0.093 

NFA-10 (C) 1057.48 1.34 1.38 642.97 688.76 0.091 0.101 

NFA-11 (F) 1091.3 1.58 1.41 539.33 665.69 0.093 0.102 

NFA-12 (F) 1711.1 2.93 2.89 202.9 270.66 0.102 0.134 

NFA-13 (F) 1995.69 2.22 1.90 261.57 337.84 0.116 0.128 

NFA-14 (F) 2316.8 8.59 3.91 58.00 113.63 0.115 0.103 

NFA-14 (C) 2316.8 41.7 4.89 47.00 87.3 0.454 0.099 

NFA-15(F) 1602.02 1.71 1.30 538.67 627.9 0.148 0.131 

NFA-15 (C) 1602.02 1.83 1.43 585.13 607.73 0.172 0.139 

NFA-16 (F) 1654.9 3.89 2.16 224.93 317.96 0.145 0.114 

NFA-16 (C) 1654.9 3.17 2.83 542.37 628.74 0.285 0.294 

(*) Data obtained from bibliography [111] 
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5.1.4. THERMOGRAVIMETRY 

Thermogravimetry with air and oxygen curves and the derivative curves of the first ones are 

shown in Figure 42, Figure 43 and Figure 44, and numeric values in Table 17. 

Table 17. TG values solid fuels 

 Thermogravimetry Characteristics 

Sample MLT_1 MLT_2 IT Ea Tcharact 

NFA-1 306.0 416.7 255.2 67.3 316.1 

NFA-2 265.1 408.8 231.0 65.3 268.4 

NFA-3 - 393.8 374.8 80.6 271.4 

NFA-4 313.3 438.0 267.4 66.8 324.3 

NFA-5 277.4 313.3 242.2 69.3 272.4 

NFA-6 285.4 430.5 216.7 69.3 224.1 

NFA-7 252.8 400.7 227.6 67.1 251.3 

NFA-8 254.8 394.8 228.3 67.2 261.5 

NFA-9 247.6 387.8 216.9 66.3 234.2 

NFA-10 - 416.7 389.1 83.6 302.1 

NFA-11 - 387.8 282.2 80.6 250.0 

NFA-12 306.5 408.7 261.9 69.2 299.2 

NFA-13 275.3 407.3 206.0 65.2 277.6 

NFA-14 282.8 437.2 227.3 67.4 274.3 

NFA-15 283.3 380.1 235.3 64.4 268.3 

NFA-16 303.9 410.0 272.7 68.3 296.7 

 

The first MLT is around 300ºC, and the second one around 400ºC. The less developed 

samples (sewage sludge) have lower values of MLT, so they are formed by more 

hemicelluloses than the other biomasses that are mainly formed by cellulose. Around 400ºC 

lignin decomposition takes place. 
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Figure 41. Thermal stability of biomass samples 

Looking at the oxidation characteristic temperature, it is observed that in almost all the cases 

it is lower than the first MLT. Activation energy is an important parameter for coals, but not 

for biomasses, since only three samples that have activation energy higher than 79 kJ/mol 

are coal and coke samples. In the case of biomasses, oxidation characteristic temperature is 

the parameter that classifies samples according to their self-ignition risk. 

In the susceptibility graph (Figure 41), two biomass samples are located on the medium risk 

area, and those samples are wood pellets and chips. The only one sample that is located in 

the very high risk area is one of the sewage sludge. 
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5.1.5. DIFFERENTIAL SCANNING CALORIMETRY 

Differential scanning calorimetry curves are plotted in Figure 45, and numerical values are 

detailed on Table 18 

Table 18. DSC parameters solid fuels 

Sample IET FET CST 

NFA-1 94.2 313.3 259.2 

NFA-2 105.3 323.3 237.0 

NFA-3 104.1 303.4 207.4 

NFA-4 83.9 365.3 273.8 

NFA-5 109.8 355.4 242.8 

NFA-6 76.7 440.7 233.0 

NFA-7 103.6 287.4 176.2 

NFA-8 107.2 342.7 197.6 

NFA-9 107.1 300.7 209.5 

NFA-10 72.0 375.3 275.6 

NFA-11 100.0 296.0 215.3 

NFA-12 93.0 342.7 247.0 

NFA-13 81.3 321.7 238.8 

NFA-14 83.2 324.0 211.6 

NFA-15 116.7 422.0 234.3 

NFA-16 90.3 359.0 263.1 
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Figure 42. Thermogravimetry with air curves of solid fuels 
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Figure 43. Derivative curves of thermogravimetry with air of solid fuels 



 

74 
 

 Results 

  

  

  

Figure 44. Thermogravimetry with oxygen curves of solid fuels 
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Figure 45. Differential scanning calorimetry curves of solid fuels 
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5.1.6. MINIMUM IGNITION TEMPERATURE ON A LAYER 

Minimum ignition temperature on a layer of 5 millimetres, and on a layer of 50 millimetres 

both compacted and no compacted have been determined. Six of the samples have been 

studied for two different granulometries, while the others have been studied only as dusty 

samples and the results are shown in Table 19.  

Table 19. Minimum ignition temperature on a layer of solid fuels with different particle sizes 

Sample 
MIT layer 5 mm 

(ºC) 

MIT layer 50 mm 

no compacted (ºC) 

MIT layer 50 mm 

compacted (ºC) 

NFA-1 (Fine) 300 250 240 

NFA-1 (Coarse) >400 250 250 

NFA-3 >400 200 200 

NFA-4 (Fine) 360 270 260 

NFA-4 (Coarse) 390 270 270 

NFA-5 >400 250 240 

NFA-7 (Fine) 260 210 210 

NFA-7 (Coarse) >400 >400 >400 

NFA-8 310 230 230 

NFA-9 280 210 220 

NFA-10 (Fine) 360 240 250 

NFA-10 (Coarse) >400 >400 >400 

NFA-11 270 200 210 

NFA-12 320 250 250 

NFA-13 290 230 230 

NFA-15(Fine) 300 230 240 

NFA-15 (Coarse) >400 320 320 

NFA-16 (Fine) 320 250 250 

NFA-16 (Coarse) 320 250 250 
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5.1.7. GAS EMISSIONS ANALYSES 

Gas emissions tests have been used to determine the range of temperatures at which CO and 

CO2 emissions start to rise. This temperature is considered as the minimum between the one 

obtained with CO and the one obtained with CO2, which is the one highlighted with bold 

letters in Table 20.  

Table 20. Gas emissions results for solid fuels 

Sample 

Particle 
size 

(Fine / 
Coarse) 

Compacted 
/ No 

compacted 

Methods 

Intervals Turning points Standard limits 

CO CO2 CO CO2 CO CO2 

NFA-1 
F 

C 120-140 80-100 102 100 122 158 

NC 120-140 80-100 98 100 123 155 

C NC 120-140 140-160 93 133 126 169 

NFA-2 C 
C 80-100 120-140 91 167 110 175 

NC 100-120 80-100 104 100 118 162 

NFA-3 F 
C 80-100 100-120 93 117 99 157 

NC 80-100 80-100 82 50 80 158 

NFA-4 

F 
C 80-100 140-160 97 133 104 189 

NC 60-80 120-140 62 95 75 172 

C 
C 60-80 120-140 72 50 72 186 

NC 100-120 120-140 99 83 92 181 

NFA-5 C 
C 80-100 40-60 83 100 121 123 

NC 80-100 60-80 96 100 123 113 

NFA-6 

F 
C 120-140 60-80 99 83 141 175 

NC 100-120 80-100 93 74 144 >200 

C 
C 100-120 140-160 106 133 122 >200 

NC 120-140 120-140 113 117 121 185 

NFA-7 

F 
C 40-60 80-100 61 67 99 143 

NC 60-80 40-60 42 67 104 145 

C 
C 100120 40-60 85 100 110 144 

NC 80-100 80-100 96 83 107 139 

NFA-8 F 
C 80-100 80-100 83 67 94 153 

NC 60-80 40-60 83 100 102 143 

NFA-9 F 
C 80-100 80-100 86 67 94 131 

NC 100-120 80-100 95 33 92 131 

NFA-10 

F 
C 80-100 100-120 94 125 95 192 

NC 120-140 120-140 101 95 94 194 

C 
C 120-140 120-140 101 100 117 >200 

NC 100-120 140-160 108 143 124 >200 
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Table 21. Gas emissions results for solid fuels (cont.) 

Sample 

Particle 
size 

(Fine / 
Coarse) 

Compacted 
/ No 

compacted 

Methods 

Intervals Turning points Standard limits 

CO CO2 CO CO2 CO CO2 

NFA-11 F 
C 80-100 60-80 98 100 101 158 

NC 100-120 60-80 83 83 102 154 

NFA-12 F 
C 80-100 80-100 96 83 98 166 

NC 80-100 120-140 86 67 105 159 

NFA-13 F 
C 100-120 100-120 99 100 105 141 

NC 120-140 120-140 98 93 93 131 

NFA-14 

F 
C 100-120 160-180 108 40 110 186 

NC 60-80 160-180 99 133 102 >200 

C 
C 100-120 160-180 112 143 129 193 

NC 160-180 160-180 120 167 123 >200 

NFA-15 

F 
C 120-140 140-160 108 127 121 184 

NC 100-120 140-160 92 122 110 182 

C 
C 100-120 100-120 98 111 109 173 

NC 100-120 100-120 92 67 107 183 

NFA-16 

F 
C 100-120 140-160 97 111 81 186 

NC 80-100 140-160 76 122 84 171 

C 
C 100-120 120-140 92 95 101 194 

NC 120-140 160-180 90 50 64 >200 

 

5.2. THERMALLY DRIED SEWAGE SLUDGE 

5.2.1. ELEMENTAL AND PROXIMATE ANALYSES 

Proximate and ultimate analyses (Annex II) were done to the twenty thermally dried sewage 

sludge samples (Figure 46, Figure 47). Hydrogen, nitrogen and sulphur content values have 

a low standard deviation, while variations obtained for carbon, ash content, moisture and 

volatile matter are higher.  
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Figure 46. Triangular diagram elemental analyses sewage sludge [110] 

 

 

Figure 47.Triangular diagram proximate analyses sewage sludge [110] 
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5.2.2. GRANULOMETRY 

For the twenty samples the granulometry curves were determined, and the three main 

parameters were obtained, as shown in Table 22. All the studied samples were sieved through 

a 1 millimetre sieve before testing. 

Table 22. Statistical parameters granulometry sewage sludge 

Parameter d10 (µm) d50 (µm) d90 (µm) 

LRET-101 15.4 67.9 355.3 

LRET-102 111.9 339.5 815.8 

LRET-103 23.4 100.4 289.2 

LRET-104 96.7 382.2 818.6 

LRET-105 88.6 397.2 844.1 

LRET-106 13.2 77.7 371.2 

LRET-107 69.2 385.9 853.9 

LRET-108 10.9 30.2 160.5 

LRET-110 88.2 382.5 839.7 

LRET-111 10.3 43.0 383.9 

LRET-112 7.5 27.3 62.2 

LRET-113 81.3 517.5 1150.7 

LRET-114 69.7 298.9 664.3 

LRET-115 152.3 492.5 1098.7 

LRET-116 52.3 531.6 1218.2 

LRET-117 34.1 74.4 348.3 

LRET-118 7.4 20.6 178.9 

LRET-119 110.3 214.4 653.5 

LRET-120 3.5 19.9 75.2 

LRET-121 32.1 286.3 919.7 

 

5.2.3. IGNITION SENSITIVITY 

According to the results of the previous tests, ten samples were selected in order to choose 

the biggest range of values. Ignition sensitivity, explosion severity and thermal stability 

analyses were developed to those ten samples. These results show high variation in almost 

all the parameters studied. MITl values have a variation of 150 K, consistent with the 

observed variation of MITc values, 190 K. The other two parameters included in the ignition 
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sensitivity group also have high variations, being of special interest that only three of the ten 

studied samples have a MIE under 1000 mJ. Results of these tests are shown in Table 23. 

Table 23. Ignition sensitivity results 

Sample 
Ignition sensitivity parameters 

MITl (ºC) MITc (ºC) LEL (g/cm3) MIE (mJ) 

LRET-101 260 460 60 67 

LRET-102 360 480 500 >1000 

LRET-103 300 480 60 >1000 

LRET-104 370 440 500 >1000 

LRET-105 370 420 125 >1000 

LRET-107 390 510 30 >1000 

LRET-110 390 510 125 >1000 

LRET-112 240 320 60 170 

LRET-117 340 420 60 220 

LRET-121 320 460 125 >1000 

 

5.2.4. EXPLOSION SEVERITY 

Explosion severity parameters (Table 24) have a lower range of variation, and the Pmax of 

the samples do not vary substantially among the studied samples. According to Kmax values, 

all the samples have the characteristic of “Typical explosion”. Finally, the values of the LOC 

show also a remarkable range of variation, from 13 % to 20 %. 
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Table 24. Explosion severity results 

Sample 

Explosion severity parameters 

Pmax (bar) 
Kmax 

(bar · m/s) 

(dP/dt)max 

(bar/s) 
LOC (%) 

LRET-101 7.0 124 458 13 

LRET-102 5.0 77 285 20 

LRET-103 6.1 125 462 15 

LRET-104 5.5 108 399 13 

LRET-105 5.7 98 361 14 

LRET-107 6.3 178 654 14 

LRET-110 6.4 145 633 13 

LRET-112 6.4 157 577 16 

LRET-117 6.1 161 592 16 

LRET-121 6.1 161 591 19 

 

5.2.5. THERMOGRAVIMETRY 

Unlike the previous cases, the variation of the parameters obtained from the 

thermogravimetric and the differential scanning calorimetry results is lower. The 

temperatures obtained from these tests do not vary in a range as wide as in the previous 

cases, so the heating process of all the samples studied can be considered as quite similar. 

Results obtained for thermogravimetry tests are shown in Table 25, and the thermal 

susceptibility graph is shown in Figure 48. 
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Table 25. Thermogravimetry results 

 Thermogravimetry Characteristics 

Sample 
MLT_1 

(ºC) 
MLT_2 

(ºC) 
IT (ºC) Ea (mJ) Tcharact (ºC) 

LRET-101 295 374 225 70.7 309 

LRET-102 288 406 240 72.0 281 

LRET-103 262 398 230 67.8 262 

LRET-104 256 417 240 68.5 266 

LRET-105 260 430 227 69.0 264 

LRET-107 260 443 226 53.3 277 

LRET-108 269 406 226 68.6 267 

LRET-110 260 446 228 69.0 267 

LRET-112 253 419 203 66.6 203 

LRET-117 253 409 221 66.1 224 

LRET-121 253 403 230 66.8 218 

 

 

Figure 48. Thermal susceptibility graph thermally dried sewage sludge 
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However, one of the most significant differences among the samples studied is the variation 

of the MI values (Table 26). Only three samples produced a significant reaction, leading to a 

value higher or equal to 10, and those samples are not the same as the samples with MIE 

lower than 1000 mJ. 

Table 26. TEV and MI results 

Sample TEV (ºC) MI (s-1) 

LRET-101 380 0 

LRET-102 340 29 

LRET-103 310 0 

LRET-104 360 10 

LRET-105 330 3 

LRET-107 320 0 

LRET-110 320 0 

LRET-112 260 0 

LRET-117 330 7 

LRET-121 310 25 

5.2.6. DIFFERENTIAL SCANNING CALORIMETRY 

The variation of results among samples for differential scanning calorimetry results is low, 

and shown in Table 27. 

Table 27. Differential scanning calorimetry results 

Sample IET (ºC) FET (ºC) CST (ºC) 

LRET-101 76 296 212 

LRET-102 114 345 194 

LRET-103 89 305 219 

LRET-104 118 317 193 

LRET-105 114 304 210 

LRET-107 120 303 206 

LRET-108 107 273 215 

LRET-110 135 299 218 

LRET-112 117 288 182 

LRET-117 160 387 209 

LRET-121 153 319 209 
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5.2.7. SELF-IGNITION 

According to the data obtained for these ten samples, three of them were selected due to 

their diversity and thermal stability was studied for them. Two samples, LRET-102 and 

LRET-110, were analysed according to the Division 4.2 tests and TSI was determined for 

the third sample, LRET-121. The results for LRET-102 and LRET-110 showed that they 

were exempted of hazardous classification when transported in packages of less than 3 m3 

(Table 28). 

Table 28. Division 4.2 tests results 

Sample 

Self-heating in 

a 100 mm cube 

at 140ºC 

Self-heating in 

a 25 mm cube 

at 140ºC 

Self-heating in 

a 100 mm cube 

at 120ºC 

Self-heating in 

a 100 mm cube 

at 100ºC 

Classification 

LRET-102 Yes No No - 

Exempted if 

transported in 

packages ≤ 3 

m3 

LRET-110 Yes No No - 

Exempted if 

transported in 

packages ≤ 3 

m3 

A more detailed testing has been done for sample LRET-121 in order to determine its self-

ignition temperature. Using four different volumes of sample, ranging from 50 cm3 to 1500 

cm3 and subjecting the samples to increasing oven temperatures, both the lower temperature 

leading to an ignition and the higher temperature without ignition can be determined, so that 

the self-ignition temperature can be defined as the medium value among those temperatures. 

Test results for sample LRET-121 are shown in Table 29 and their corresponding graphs are 

plotted on Annex II. 

Table 29. Self-ignition results 

Sample Volume 

(cm3) 

Lower 

temperature 

leading to ignition 

(ºC) 

Higher 

temperature 

without ignition 

(ºC) 

Self ignition 

temperature 

(SIT) 

(ºC) 

1500 125 120 122.5 

350 140 135 137.5 

150 145 140 142.5 

50 155 150 152.5 
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5.3. MIXTURES 

5.3.1. ELEMENTAL AND PROXIMATE ANALYSES 

Elemental analysis of the studied mixtures (Annex II) is plotted on Figure 49, where it can 

be seen that the ten mixtures studied are located almost parallel to one of the sides of the 

triangle, i.e. the hydrogen content of the samples is almost constant for all of them. 

 

Figure 49.Triangular diagram elemental analyses mixtures [110] 

 

Figure 50. Triangular diagram proximate analyses mixtures [110] 
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Proximate analyses were also determined (Annex II), as shown in Figure 50. 

 

5.3.2. GRANULOMETRY 

Granulometry curves are shown in Figure 51. Coal samples has lower particle size, and it is 

the responsible of the first peak that can be mainly seen on samples NFA-101 and NFA-104. 

Both sewage sludge and pellets were sieved under 180 µm, so the peak of the curves is below 

this point. The percentage of samples of more than 180 µm is caused to the irregularities of 

the samples. 
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Figure 51. Granulometry curves of mixtures
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5.3.3. THERMAL CONDUCTIVITY 

The density of the mixtures decreases by adding torrefied wood pellets to the mixtures, due 

to its lower density. It can also be seen how the density of the samples rises by compacting 

them. Looking at the thermal diffusivity, it increases with the addition of torrefied wood 

pellets too, and it is lower for compacted samples than for the no compacted ones. The 

specific heat could be determined only for no compacted samples, due to the characteristics 

of the crucibles of the DSC, so the same value is used for compacted and no compacted 

thermal conductivity. The specific heat increases when adding torrefied wood pellets to coal 

or sewage sludge, but in decreases when adding sewage sludge to the coal sample. The 

thermal conductivity of the mixtures of torrefied wood pellets and coal present the highest 

values of thermal conductivity, and the mixtures of sewage sludge and torrefied wood pellets 

the lowest ones. All the values obtained in the laboratory are shown on Table 30. 

Table 30. Thermal conductivity of mixtures 

Sample 
Specific 

heat 
(J/kg·K) 

Thermal diffusivity  
(10-7 m2/s) 

Density  
(g/L) 

Thermal conductivity 
(W/m·K) 

no 
compacted 

compacted 
no 

compacted 
compacted 

no 
compacted 

compacted 

NFA-101 1463.5 1.43 1.07 535.18 707.83 0.112 0.111 

NFA-102 1477.8 1.36 1.12 570.41 748.33 0.115 0.124 

NFA-103 1475.2 1.27 1.08 591.72 717.33 0.111 0.114 

NFA-104 1327.9 1.88 1.44 429.71 567.63 0.107 0.108 

NFA-105 2317.3 2.24 1.63 370.80 469.77 0.192 0.177 

NFA-106 1588.1 2.20 1.72 284.17 377.30 0.100 0.103 

NFA-107 1745.0 1.73 1.56 469.06 564.63 0.142 0.154 

NFA-108 2205.7 2.09 1.59 328.89 454.03 0.151 0.159 

NFA-109 1555.0 2.32 1.74 247.12 390.2 0.089 0.106 

NFA-110 1444.6 1.83 1.37 402.14 532.33 0.107 0.105 

 

5.3.4. THERMOGRAVIMETRY 

When the mixtures are formed by sewage sludge and coal, the addition of the first one causes 

an increase on the values of MLT_1 and MLT_2, which means that the maximum loss of 
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weight of the sample takes place later. However, the combustion reaction starts earlier. When 

the samples are formed by torrefied wood pellets and one of the other materials, the addition 

of torrefied wood pellets causes a delay on the beginning of the combustion, as well as an 

increase on the maximum loss of weight temperatures. Looking at the activation energy, only 

the samples with higher amounts of coal present values of more than 79 kJ/mol, where the 

self-ignition area changes. 

Table 31. Thermogravimetry results for mixtures 

Sample 
Thermogravimetry Characteristics 

MLT_1 (ºC) MLT_2 (ºC) IT (ºC) Ea (kJ/mol) Tcharact (ºC) 

NFA-101 275.33 393.42 250.39 81.51 260.75 

NFA-102 260.58 399.25 237.56 83.24 253.25 

NFA-103 253.92 400.67 232.02 67.70 255.75 

NFA-104 288.42 387.33 267.63 84.88 278.83 

NFA-105 296.17 403.33 274.85 69.50 297.17 

NFA-106 301.33 416.67 268.6 69.05 296.83 

NFA-107 276.42 384.67 247.48 67.41 264.33 

NFA-108 293.00 366.00 269.31 68.61 291.33 

NFA-109 301.67 440.67 279.94 67.94 300.42 

NFA-110 275.63 424.67 263.56 70.25 279.00 

 

 

5.3.5. DIFFERENTIAL SCANNING CALORIMETRY 

The starting point of the exothermic reaction is lower when the content of torrefied wood 

pellets is higher, taking place before the moisture loss in these cases, and after this moment 

for the mixtures formed by sewage sludge and coal, or with high amounts of one of these 

materials. On the other hand, the end point of this reaction occurs later with this addition 

of pellets, the same as the change of slope of the curve. Numerical results of DSC tests are 

shown on Table 32. 
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Table 32. Differential scanning calorimetry results for mixtures 

Sample IET (ºC) FET (ºC) CST (ºC) 

NFA-101 102.00 296.35 206.02 

NFA-102 113.49 298.01 214.81 

NFA-103 107.02 282.02 214.16 

NFA-104 110.23 347.35 233.70 

NFA-105 88.26 361.01 258.90 

NFA-106 88.26 361.01 259.31 

NFA-107 122.07 323.35 224.47 

NFA-108 89.21 356.01 234.53 

NFA-109 89.80 357.68 250.73 

NFA-110 96.32 317.34 225.88 

 

 

 

5.3.6. MINIMUM IGNITION TEMPERATURE 

Results are shown on Figure 52. The mixtures formed by coal and sewage sludge present 

huge similarities while for the other the MITl values increase when the presence of torrefied 

wood pellets is higher. 

 

Figure 52. Minimum ignition temperature on a layer of mixtures 
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5.3.7. MINIMUM IGNITION ENERGY 

Minimum ignition energy has been determined for the ten mixtures studied, and results are 

plotted on Figure 53. Thermally dried sewage sludge and coal have a MIE of >1000 mJ, 

while torrefied wood pellets presents a value of 74 mJ. In this case, the mixtures formed by 

coal and sewage sludge do not ignite with the highest tested energy, 1000 mJ. But when the 

mixture involves torrefied wood pellets, the energy needed for igniting a cloud is lower until 

a limit that is the same as for the sample alone (74 mJ). 

 

Figure 53. Minimum ignition energy of mixtures 
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6. DISCUSSION 

6.1. SOLID FUELS 

6.1.1. RELATIONS AMONG PARAMETERS 

To determine the influence that chemical and physical parameters have on the flammability 

of solid fuels, a multivariate analysis was developed to the data with the software Statgraphics 

Centurion XVI. A correlation matrix has been determined, and the significant correlations 

existing between parameters, with a significant level of 95 %, studied. The objective of this 

analysis was to determine the relations existing and define the parameters that could be easily 

modified by preventive measures and may cause a decrease on the explosion risk on this kind 

of industrial plants. With this analysis it is possible to see the similarities of the samples with 

other materials well-known as coal, and design prevention and protection systems based on 

those developed and widely experienced in other industrial plants. 

Thanks to this study it has been corroborated that ash and volatiles contents are important 

parameters that influence several thermal and flammability characteristics of solid fuels. 

Ash content is mainly related with the temperatures obtained from TG-DSC analyses that 

explain the combustion process of the solids. The devolatilisation of holocellulose and lignin 

(MLT_1 and MLT_2), the end of the exothermic process (FET), the temperature of 

oxidation (Tcharact) and the starting point of the quick exothermic reaction (CST) take place 

at lower temperature for the samples that present more amount of ash content, sewage sludge 

samples (30-40 % d.b.) However, the samples with higher amount of ashes need a higher 

temperature for the beginning of the exothermic reaction (IET). Finally, the ash content 

presents a positive significant correlation with densities, due to biomass samples have lower 

densities and ash contents than sewage sludge. 
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Figure 54. Relations between ash content (%), MLT_1, Tcharact, IET, CST (ºC) 

Looking at the volatiles content, it is observed that the samples with a high amount of fines 

(low particle size) are the ones that have less amount of volatiles. This causes a significant 

correlation with the specific surface area too. Volatiles also show important relations with 

the thermal properties of the samples. Positive relations with diffusivities and specific heat 

have been observed, and a negative one with densities. This is because coke, coals and sewage 

sludge have low amounts of volatiles, low values of diffusivities and specific heat, but high 

densities values, while the opposite occurs for biomasses. Finally, focusing on the thermal 

behaviour of the samples, MLT_1, IT and Ea are related to the volatiles content, with a 

negative correlation the first one and positive the other two. Coals, coke and sewage sludge 

need higher temperatures for the beginning of the combustion process than biomasses 

(mainly woody). Coals and coke only present one peak on the dTG curve, so they do not 

have any MLT_1 value. Even so, the biomasses with lower amount of volatiles (sewage 
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sludge) present lower values of MLT_1. This means that they have more amount of 

hemicellulose than cellulose. The relation existing with Ea is due to coals and coke, which 

are the only ones that present Ea values of more than 79 kJ/mol. 

 

Figure 55. Relations between volatiles content (%), d50 (µm), diffusivity (m2/s), density (g/L) and 
specific heat (J/kg·K) 

Fixed carbon content presents also significant correlation with moisture, volatiles, MLT_1, 

IT, Ea and CST. The relation between fixed carbon and volatiles is caused by coke that have 

a higher amount of the first one and low of the second one, and its opposite that are the 

plastics samples (Figure 56). Coke and coals have higher values of IT, CST and Ea and their 

fixed carbon content is much higher than for biomasses or plastics. 
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Figure 56. Fixed carbon vs volatiles solid fuels 

Particle size parameters are also well-known as main parameters on the study of flammability 

of dusts. In this case, their main relations are observed with the thermal properties 

(diffusivities, specific heat and densities). The lower the particle size, more amount of fines 

the samples has that can fill the pores and increase the density while the amount of air existing 

decreases, so the diffusivity of the sample do the same. 

The flammability temperatures present correlations among them too, being the main ones 

the existing between MLT_1, IT, Tcharact, IET and CST. 

Due to the existence of two groups according to their particle size, and how the influence of 

dusty materials may vary the risk of an industrial facility, another study has been developed 

only with the fine particles samples. In this case, also ashes and volatiles contents show their 

importance on the flammability of biomasses. 

Ash content is related with the diffusivity of the samples and with almost all the temperatures 

studied. Diffusivities present a negative correlation with ashes due to the sewage sludge 

samples, which present high amounts of ash and low thermal diffusivity, unlike biomasses 

with low ashes contents and high thermal diffusivities. As in the previous case, the negative 

relations existing with temperatures (MLT_1, Tcharact, FET, CST, MITl 50mm) show that 

sewage sludge samples have more reactivity than the other studied biomass samples. 
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Figure 57. Relations between ash content (%), diffusivity (m2/s), MLT_1, Tcharact, CST and MITl 
50mm (ºC) 

Volatiles content present important relations with fixed carbon content, specific surface area, 

diffusivities, specific heat and only three flammability parameters (MLT_1, IT and Ea). These 

results are also similar to the ones obtained in the precious case. 
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Figure 58. Relations between volatiles and fixed carbon contents (%), specific heat (J/kg·K), IT 
(ºC) and Ea (kJ/mol) 

In this case it is important to observe the influence of the diffusivity on the flammability 

parameters. When the particle size studied is small, diffusivities present significant relations 

with several temperatures (MLT_1, Tcharact, CST, MITl 50mm). The samples that present 

higher thermal diffusivity values are the ones with less densities, torrefied wood pellets, wheat 

straw, wood chips, wood pellets and almond shells, and they present the higher values of 

flammability temperatures, and so the combustion of these materials is more difficult and 

needs more temperature than for sewage sludge, which present lower values of diffusivities. 

The flammability temperatures also present important relations when studying fine particle 

size samples, adding the MITl 50 mm parameters to the significant relations list. 
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6.1.2. MINIMUM IGNITION TEMPERATURE ON LAYER 

The influence of the thickness in the minimum ignition temperature of a layer is shown in 

this study. The difference of the values for different granulometries is higher when the layer 

is finer. 

MITl values for a 50 millimetres layer are not influenced by the compaction for the coarse 

samples. Coarse samples are not significantly compacted with this method, so it does not 

vary any parameter that affects to the values of the MITl. 

Looking at the different pellets, it is shown how pelletizing process affects to the values [112]. 

On one hand, coke and sewage sludge pellets particles are round and can be squeezed into 

gaps and voids, generating a higher density and harder pellet [113]. Also the pieces of olive 

pit are hard and not easy to break. This causes high values of MITl for these samples. On 

the other hand, wood pellets and torrefied wood pellets are cylindrical and fragile, only with 

the pressure of two fingers it is possible to break them up. They are formed by thin particles, 

so once the pellet is broken the propagation is easier. 

Finally, for torrefacted wood pellets there is no difference between powder and pellets. In 

one hand, during torrefaction, the water contained in the biomass as well as superfluous 

volatiles are released, and the biopolymers (cellulose, hemicellulose and lignin) partly 

decomposed, giving off various types of volatiles. On the other hand, the higher the 

torrefaction degree, the higher the proportion of thin particles is [114].  

By plotting MITl 50 millimetres vs volatiles content (Figure 59) it can be seen a 

differentiation on areas depending on the volatiles content. 

By a multivariate analysis it can be seen that the main cause of this differentiation is the 

specific surface area, which represents the area of particles that is in the surface. Coal samples 

have higher specific surface area since they are round and uniform, and biomass samples are 

elongated and heterogeneous. Sewage sludge particles shapes are located in the middle of 

both distributions. This parameter is not determinant for the narrower layers. 

While the access of the oxygen to the particles is higher, the temperature needed from the 

hot surface is lower, and the ignition is easier. Looking at the biomass group, wood chips is 

the sample with higher MITl due to its heterogeneity, unlike almond shell and olive pit that 

are more uniform and need less temperature to ignite. 
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Also it can be shown how MITl can be increased by increasing the particle size looking at 

sewage sludge 2, which has higher particle size and is located with biomass samples and not 

inside the sewage sludge group.  

 

Figure 59. MITl 50 mm no compacted vs volatiles content 

Looking at the thermal diffusivity of the samples, it is shown that the higher the thermal 

diffusivity, the higher the MITl is. Thermal diffusivity is defined as the ability of a material 

to conduct thermal energy relative to its ability to store thermal energy. In a substance with 

high thermal diffusivity, heat moves rapidly through it because the substance conducts heat 

quickly relative to its volumetric heat capacity. As heat moves rapidly through the substance, 

it is more difficult for it to reach the temperature for ignition, so the temperature that the 

hot plate has to supply to the sample for ignition is higher.  

Focusing on compaction, it affects in a different way to the different studied samples. In four 

of the fourteen studied samples, the MITl increases when compacted and it decreases for 

other four samples, being the same for the other six samples studied. A multivariate analysis 

has been developed to the data, and it is shown that the factors that most influence this 

variability are the particles size related factors. According to this analysis, the factor that 

influences this differentiation the most is the specific surface area (SSA), as can be seen 

thanks to a middle graph (Figure 60). In the x-axis it is shown the difference between the 

MITl 50 mm no compacted and the MITl 50 mm compacted, in order to shown the variation 

between both distributions. In the y-axis it is shown the value of specific surface area (SSA). 

The mean of each group of values decreases when the specific surface area increases, i.e. for 

higher values of SSA, the MITl of compacted sample is higher than for the no compacted 

one. 
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If the dust has a big specific surface area, and the access of oxygen to the samples is higher, 

the heat may be dissipated and it is more difficult to ignite the layer, i.e. the MITl is higher 

for no compacted layer than for compacted. When this specific surface area is lower, the 

access of oxygen is more difficult and heat cannot be dissipated, so it is easier to ignite the 

layer. Medium values of specific surface area produce no difference between compacted and 

no compacted samples. 

 

Figure 60. Middle graph SSA vs (MITl 50 mm no compacted – MITl 50 mm compacted) 

 

6.1.3. THERMOGRAVIMETRY – DIFFERENTIAL SCANNING 

CALORIMETRY 

Thermogravimetric curves present several differences that characterize the thermal 

behaviour of the studied samples. Looking at the all the curves, it is shown that coke and 

coals curves present the decrease on the curve later than the other samples, i.e. the 

combustion of these samples start at higher temperature than for the other studied samples. 

Focusing on each group, plastics present similarities on the curves and on the values, as well 

as sewage sludge samples. The coals and coke graphs present some differences, mainly 

because coke present less residues at the end of the combustion, so the weight loss at the 

end of the heating process is almost null. The combustion of NFA-11 starts and finishes at 

lower temperatures, and it have a lot of residues at the end of the process. Biomass samples 

are divided in two groups according to the residues that they have. Stubble, straw and almond 

shell leave less residues than the other studied samples. However, all these samples present 

a temperature of induction to combustion of less than 280 ºC  
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These similarities and differences are also observed thanks to the derivative curves. First of 

all, it is important to notice that plastics, sewage sludge and biomasses present two peaks in 

this derivative curves while coke and coals present only one. This is due to the composition 

of the samples, the first peak is originated by the devolatilisation of light compounds as 

holocellulose, which is not present on coals and coke samples. The curves of the plastics 

samples present again a lot of similarities, so their thermal behaviour is expected to be almost 

the same. The group formed by coals and coke is the only one that present one peak, and 

they also present some differences among them. NFA-11 present a short and narrow peak 

that represents a quick and short reaction, while the coke’s peak is high and width, 

representing a long combustion reaction. Sewage sludge samples show similar peaks, but 

sample NFA-5 present both peaks later than the other three studied samples, so the 

devolatilisation of the materials is more difficult for this sample. Finally, looking at the last 

group it is shown that both peaks are located in the same range for all the samples. However, 

the peaks are higher or shorter depending on the composition of the samples. It is important 

to notice that for the three woody samples, these peaks are higher and more elongated while 

the materials are more processed, being the shorter for wood chips and the higher for 

torrefied wood pellets. 

When the air stream is substituted by an oxygen one in the thermogravimetry tests, the 

differences observed among the samples are bigger. In this case, coals and coke are not the 

last ones on losing the weight, but wood pellets and wood chips are the samples with higher 

characteristic temperature. The main difference existing among these samples is that not all 

of them present the expected sudden weight loss. Samples NFA-5, NFA-13 and NFA-14 

present a slower loss of weight caused by the chemical composition that they present. 

If the samples are plotted on the thermal stability graph (Figure 41), it is shown that 12 of 

the 16 studied samples are located on the high self-ignition risk area, one in the very high, 

and the other three in the medium area. The activation energy does not seem to be an 

important parameter in this study, since the only samples that present a value of more than 

79 kJ/mol are the coals and the coke. 

The study of the DSC curves is focused on the energetic behaviour of the samples during a 

heating rate. Al the graphs present similar forms, where the belly of the curve is used to study 

the energy that the samples need to absorb before the exothermic reaction can starts. The 

higher the heat flow at the beginning of the exothermic reaction (IET), the higher the amount 

of energy that the sample needs for starting this exothermic reaction. 
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Plastics samples (NFA-6 and NFA-14) present similar reactions where the exothermic 

reactions start before the complete loss of moisture (before 100ºC). They also present a 

second endothermic reaction just before 300ºC. However, NFA-6 has a component that 

causes a degradation at the end of the process, which is why the FET of this sample is higher 

than the NFA-14 ones. Due to the heterogeneity of the samples, and the small particle size 

needed for this tests, this may be caused by a component that is not present in all the material. 

Looking at the parameters obtained for coal samples, the similarity among them is obvious. 

Anyway, NFA-3 has a small endothermic reaction, while for NFA-11 it is bigger. Coke 

sample exothermic reaction starts really early (IET=72ºC) and it finishes later than both coal 

samples. The length of this exothermic reaction makes coke a good material for obtaining 

energy. 

The same quality is observed on the olive pits (NFA-14), but its exothermic reaction starts 

later and it needs more initial absorption of energy. Biomasses present a large range of values 

for the parameters obtained from DSC analysis. However, this range is as expected. 

 

6.1.4. GAS EMISSIONS TEST 

The results clearly indicate that increasing the temperature the total emissions of gas increase, 

which is fully expected as higher temperature implies an increased rate to the oxidation 

reaction. 

This reaction occurs on the surface of the solid particles of the material, so that since it is an 

exothermic reaction, a heat source is generated. Upon oxidation of the dust material with the 

air is a spontaneous exothermic reaction, heat is being released. This phenomenon is called 

self-heating and is the first step in a process that might finally result in spontaneous 

combustion. An increase in temperature due to exothermic reaction on the solid surface will 

produce an increase in the reaction rate, releasing more heat, and this process rapidly 

accelerates to high temperatures, leading to self-ignition. 

The spread of the reaction is affected by the availability of oxygen, and this is related both 

to particle size and compaction. 

More emission from the sample with larger particles could be expected because oxygen in 

the air would have better access to the surface of the particles. The fine sample behaves 

somewhat like a compacted sample, because the oxygen access is reduced, but the larger 

specific surface due to smaller particles will probably have a greater influence on the reaction. 
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As for the compaction, it is evident that a compacted sample has a smaller spacing between 

the particles, which hinders the oxygen access to the area. 

Somehow there is a competition between different phenomena (access of oxygen and 

thermal diffusivity) and temperature will have a decisive influence on which variable 

predominates. At low temperature, at the time of starting the self-heating, compaction delays 

the start of the process because it makes access to the solid surface difficult for oxygen: the 

solid-gas interaction is reduced. However, when the temperature rises enough, the initial 

oxidation is guaranteed and what influences the development process is the propagation of 

the reaction, which is now favoured by increasing the thermal conductivity. The self-heating 

process depends on both the heating and cooling and a high conductivity at the initial time 

favours heat dissipation and delay the process. Conversely, when the process is underway 

and the temperature rises, the highest conductivity promotes the heating of the particles close 

to the heat source. 

This change observed with increasing temperature can be seen very well in the DSC curves. 

Upon reaching the IET (initial temperature exothermic reaction), still at low temperature, 

the process is still slow and the access of oxygen to the surface is the dominant mechanism 

for the development of self-heating. However, once the CST (slope change of temperature) 

is exceeded, the process is faster and will be conditioned by the spread of the reaction, which 

is favored by a higher thermal conductivity. 

By comparing the three methods studying the results obtained by this test, it has been 

observed in a first look that the third method, the one using the environmental standard 

methods, provides higher temperatures than the others studied. These values are in many 

cases also higher than the temperatures obtained from TG-DSC analyses. That is to say that 

the self-ignition process starts before the environmental limits are achieved. 

Looking at the first two methods, both advantages and disadvantages have been observed. 

The “Inflexion point” method provides an exact number instead of the range of values that 

the first one does. The values obtained from this method are in most cases inside the range 

of values determined by the “Interval”, only in three of the studied cases the detection can 

be done in advanced by the second method.  

Focusing on the results obtained from the gas emissions test, it is seen that results are 

different depending on the group of samples we are looking at. The four thermally dried 

sewage sludge samples studied shown low temperatures in these tests., and CO2 emissions 
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are more important in these samples, being emitted before CO in more cases than in the 

other studied samples. These results are related to the heterogeneiny of the samples, which 

produces a first gases emissions at low temperatures that are not observed on the results of 

the DSC (all of them between 100 and 110ºC). The influence of compaction show also two 

different ways. In one hand, NFA-5 and NFA-9 provide a lower temperature for compacted 

sample than for no-compacted. On the other hand, NFA-7 thin and NFA-8 show an increase 

of the temperature when compacting, so the self-ignition of the samples is more difficult. 

The gas emissions for NFA-7, studied for two granulometries, show how compaction affects 

in a different way to hard pellets or dust sample. When compacting a fine sample, the air 

between the particles drastically decrease, and CO emissions are retarded as CO2 can be 

emitted in advance. On the other hand, the compaction of the pelletized sample produces a 

decrease on the exposed surface of the particles, so the complete combustion take place 

retarded while an incomplete reaction is taking place, i.e. CO2 emissions start before for 

compacted samples while they start later for no-compacted. Also coarse samples present 

higher values of the obtained parameters, so their self-ignition starts at higher temperatures. 

The two plastic samples studied provide lower results with DSC than with gas emissions test. 

This is due to the difference on the particle size of the samples. For the DSC the samples are 

prepared for less than 180 µm, but the samples tested in the gas emissions analyses were 

bigger, as explained in advance. 

Looking at the fossil fuels, coal samples present lower temperatures than coke, but 

differences are not significant. The effect of compaction and granulometry on coke is the 

opposite as the one observed for sewage sludge (NFA-7).  

Finally, biomasses present similar results. Woody biomasses present lower values the less 

developed they are. Compaction affects more to the coarse samples than to the fines, 

decreasing the detected values by compacting the samples. During compaction, fines can be 

generated and the self-ignition risk of the sample increases. This influence is not present on 

the agricultural biomasses (NFA-2 and NFA-12), where compaction has almost not 

influence.  
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6.2. THERMALLY DRIED SEWAGE SLUDGE 

6.2.1. RELATIONS AMONG PARAMETERS 

To determine the relationships existing between chemical composition and explosibility 

parameters and also among the parameters within these two groups, a correlation analysis 

was done. The objective of this analysis was to determine the relations existing and define 

the conditions that could be easily modified by preventive measures and may cause a decrease 

on the explosion risk on this kind of industrial plants. With this analysis it is possible to see 

the similarity of the samples with other materials well-known as coal and biomass, and design 

prevention and protection measures based on those developed and widely experienced in 

other industrial plants. 

To carry out these analyses, two groups of parameters have been analysed. In the first group 

chemical and granulometry parameters were analysed for 20 samples (twenty-sample group). 

In the second group, besides chemical composition and granulometry, also ignition 

sensitivity, explosion severity and thermal stability were studied for 10 samples (ten-sample 

group). From the data obtained from the analyses developed at laboratory, a correlation 

matrix has been determined in each case, and a Pearson’s correlation analysis has been 

developed to each matrix, with a significant coefficient of 0.05. Those correlations are studied 

in two groups, firstly the relationships existing among chemical parameters, and secondly 

between these parameters and flammability parameters or inside this last group. 

a) Chemical composition 

Looking only to the chemical parameters determined in this study, two main correlations 

groups have been observed. 

The first group of parameters significantly correlated is formed by four composition 

parameters: carbon, hydrogen, volatiles and ashes content, as shown in Figure 61. Added to 

the correlations, also histograms of each one of the parameters are represented, being the Y-

axe the frequency of occurrence, the number of samples whose values are included inside 

the range represented in the X-axe. The correlations existing between carbon, hydrogen and 

volatiles are positive, unlike that observed between ash content and these three parameters. 

These correlations are due to the chemical composition of the sewage sludge. The first three 

parameters represent the organic content of the samples, while the ash content can be 

assimilated as the inorganic matter contained in the samples. As the organic matter of the 

samples is higher, the inorganic is lower 
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. 

Figure 61. Relations between C, H, ash and volatiles content (%) 

The second group of significant correlations is observed between the three studied particle 

size parameters and it means that the tested samples have a high tendency to homogeneity 

as necessary in this tests. These correlations are illustrated on Figure 62 besides the 

histograms of each parameter. 
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Figure 62. Relations between d10, d50 and d90 (µm) 

b) Chemical composition and flammability 

Volatiles and ashes content have a main influence on the flammability and explosibility of 

dusts. The main relations observed dealing these two parameters are those existing with 

MITl, MIE and Pmax, as shown in Figure 63. As can be seen by the visible alignment formed 

by the data, the higher the volatiles content, the easier is the flammability of the samples 

(lower ignition temperatures and energies) and also higher explosibility (higher explosion 

pressures). However, ash content has a negative influence on the flammability so that higher 

ignition temperatures and higher ignition energies are required to ignite sludge samples 

containing a higher inorganic fraction and the obtained explosion pressure is lower. 

The addition of inert dust to some combustible products is usually done to avoid the 

explosion, and this effect can be explained by these correlations among ashes content and 

the different parameters shown in Figure 63. These correlations supply a method to decrease 

the ignition risk of the sewage sludge incorporating into the sample inert dust. 
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Figure 63. Relations between volátiles and ash contents (%) and MITl (ºC), MIE (mJ) and Pmax (bar) 

Hydrogen and sulphur showed a strong relation to the flammability parameters and this can 

be explained by the oxidation tendency of these components that are present in the sewage 

sludge. 

Relationships were also observed between the decreasing particle size and an increase on the 

flammability of dusts and on the explosion severity. These relationships are observed in these 

samples between the medium diameter (d50) and the MIE, MITl and IT as shown on Figure 

64. 
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Figure 64. Relations between medium diameter (µm) and MITl (ºC), MIE (mJ) and IT (ºC) 

The relationship existing between particle size and MITl has a double effect. In one hand, 

when the particle size is bigger, the gaps between the particles full of oxygen are larger, so 

the ignition easiness is higher. But in the other hand, the ignition is more difficult because 

the air is less conductive than the own substance. In this case, the second effect is stronger 

than the first one and by enlarging the particle size it is possible to increase the MITl and the 

ignition of a dust layer is more difficult. The same effect occurs with the IT, the higher the 

particle size, the higher the IT so the combustion of the sample starts at higher temperatures. 

Increasing the particle size and preventing the production of dust of extremely small particle 

size is also in this case a possibility to prevent the ignition risk in this kind of industrial plants. 

Correlations with MIE do not lead to a line like in the other cases. Those are significant 

correlations because samples are grouped in two groups, one for these samples with less than 
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1000 mJ of MIE and another with more. Generally, the group with more than 1000 mJ has 

less volatile content, more ash content, more higher MITl and lower Pmax. These relations 

are expected, but more samples are needed to ensure them. 

In addition, looking at the relations existing among different flammability parameters, it is 

also observed a significant correlation among several temperatures studied. When a 

combustible substance is heated by a heat source, it begins to oxidize, and as the temperature 

increases it oxidizes more rapidly. At a certain point, the heat generated by the oxidation is 

sufficient to maintain the ignition without the aid of external sources. This point is the self-

ignition temperature. Therefore, the three temperatures related to this ignition point (MITl, 

MITc and TEV) vary in the same direction as IT. Correlations related with MIE are similar 

as in the previous case, forming two groups of samples. 

Other relations among temperatures are those more related with the volatile content of the 

sample. It was found that the higher the volatiles content the more easily it ignites. Because 

of it, when the Tcharact increases, also other temperatures associated with those volatiles 

(MITc, MLT and TEV) increase, due to the fact that Tcharact represents the temperature at 

which a quick combustion occurs. The exothermic reaction starts at lower temperatures as 

the reactivity of the substances increases (lower MLT) and the ignition of a dust cloud is 

easier (lower MITc). And in substances in which the quick exothermic reaction starts at low 

temperatures (lower TCP), the ignition of a cloud of sample is also easier.  

Furthermore a relation was observed between ignition sensitivity and explosion severity, so 

that samples which need less dust concentration to ignite are those that produce the highest 

explosion pressures.  

Finally, looking at the self-ignition risk of the sewage sludge, it was observed that when this 

risk is higher, the explosion severity is also higher. 

 

6.2.2. INFLUENCE OF ORIGIN AND SEASON 

A discriminant analysis has been developed based on two different factors: the origin of the 

samples and the season when they were collected. This analysis was applied to the two groups 

of data previously described: chemical analysis (twenty-sample group) and flammability data 

(ten-sample group). In the second analysis, due to the linearity existing among the parameters 

of these ten samples, a principal component analysis (PCA) was developed.  
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In both groups, the discriminant analyses according to the origin of the sample showed that 

the 100 % of the samples are correctly classified. In the first group, no significant 

discriminant function is observed. However, in the second group a significant discriminant 

function is determined, and the moisture of the sample is the main parameter that causes the 

classification, followed by its sulphur content. 

The analysis according to the season shows, that 95 % of the samples included on the twenty-

sample group and 90 % on the ten-sample group are classified in the right group and only 

one of the samples is incorrectly classified in each case. In the first analysis realized to the 

twenty-sample data, one significant discriminant function has been determined. In this 

function, the parameters with more weight are the volatiles content and the carbon content. 

No significant discriminant function is observed in this case in the analysis done to the 

twenty-sample data. 

 

6.2.3. SPONTANEOUS COMBUSTION 

As can be seen in the thermal graph (Figure 65), one sample is placed in the medium risk zone, 

six samples in the high risk zone and three samples in the very high risk zone. 

 

Figure 65. Thermal stability graph for thermally dried sewage sludge 

As shown in the analysis, the Ea did not vary in great degree for these, unlike for coals. Coals 

from different ranges are located in different regions of self-ignition risk, but all the thermally 

dried sewage sludge and biomass present an activation energy of less than 79 kJ/mol. This 



 

113 
 

 Discussion 

situation is also observed for biomasses, which cannot be classify according to their Ea but 

for their Tcharact. The Ea lower values of biomasses and sewage sludge do not mean a lower 

risk, but this risk might be determined through Tcharact. 

A discriminant analysis has also developed, and it was observed that 100 % of the samples 

are well classified. Two significant equations are determined where H, N and S are the main 

parameters causing the differentiation of the samples. 

The three samples that are located in the Very high risk, LRET-112, LRET-117 and LRET-

121, area are those that have a lower difference between IET and CST in the DSC analysis, 

and the one that is in the Medium risk area is the one with the highest range. This means that 

the first stage of the self-heating process, consisting of the initial exothermic reaction (slow 

oxidation) is shorter for samples LRET-112, LRET-117 and LRET-121 than for the other 

samples. The second stage of the self-heating process that takes place when CST is reached 

(quick oxidation) starts very near to the initial point of the exothermic reaction. 

The three samples that are located inside the very high risk zone are those three with 

hydrogen contents over 5 % and whose slow combustion reaction is shorter. This location 

proved that the hydrogen concentration of sewage sludge produces the same effect as the 

release of volatiles during devolatilisation previously observed in other organic materials, 

such as different types of coals. For different rank coals, a higher spontaneous combustion 

risk is observed for low rank coals when volatile contents are higher, as it is the case of 

subbituminous coals.  

This relation is not observed in the other direction for sewage sludge, since the sample that 

is located in the medium risk (LRET-101) is not the sample with less hydrogen content. This 

suggests that the hydrogen content is not the only parameter causing this differentiation and 

it is proved thanks to the discriminant analysis developed. This analysis shows the 

importance of nitrogen and sulphur content of the samples. It is shown that LRET-101 is 

the sample with the lowest sulphur content and the highest value of Tcharact, while with 

LRET-112 the opposite occurs. 

Transport classification tests of the two samples tested and the interpolation of results for 

the third one show that there is no distinction between samples from different origins and 

that belonging to different spontaneous combustion risk zone. These results indicate that 

transport classification tests produce a broad grouping of samples, which is a reasonable 

finding for samples that have some similarities in their composition.  
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Figure 66 and Figure 67 represent the size of the sample versus the inverse of temperature 

and versus time. Extrapolating these results it can be deduced that a volume of 1 m3 will 

reach self-ignition at 76 °C after 4.4 months; for 10 m3, the temperature would drop to 62 

ºC, but the required time would increase to 3 years. 

 

Figure 66. Extrapolation of SIT. Temperature [1/T] versus size [Log (V/A)] 

 

Figure 67. Extrapolation of SIT. Time [log (t)] versus size [Log (V/A)] 
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These results were also extrapolated to determine the classification of LRET-121 according 

to ONU N.4 Division 4.2 and results show that this sample is also exempted of classification 

if it is transported in packages of less than 3 cubic meters. 

 

 

6.3. MIXTURES 

6.3.1. RELATIONS AMONG PARAMETERS 

The main relations existing among chemical parameters of the samples are observed on the 

study of these mixtures. By a correlation matrix, and a Pearson’s sensibility analysis, 

significant correlations have been observed between carbon and volatiles and ashes contents. 

Nitrogen and sulphur contents also show a significant correlation with the volatiles content. 

The correlations existing among the particle size parameters are also observed for these 

samples. In this case, six parameters are included in the study, and they are correlated among 

them. 
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Figure 68. Relations between particle size parameters (µm) 

Once the correlations with flammability parameters are studied, the following main 

significant correlations have been observed: 

Carbon and hydrogen contents do not present any important significant correlations with 

the studied flammability parameters, being nitrogen and sulphur contents the ones that 

generate more dependency. 

Nitrogen content presents important correlations with density and diffusivity, because the 

higher the nitrogen content (the lower the torrefied wood pellets content), the higher the 

density and the lower the diffusitivity. The samples with more coal content are the ones that 

have higher nitrogen contents. Three of them have a MIE of more than 1000 mJ and their 

Tcharact are lower. 
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Sulphur content is mainly related with the energies for ignitions, MIE and Ea. When the 

sulphur content is higher, the energy needed for the ignition of the sample is higher, so it is 

more difficult to ignite it. Significant relations appear also with density and diffusivity, due 

to the presence of sulphur on the coal sample. 

Secondly, the main relations with volatiles and ashes contents are those existing with 

diffusivities and densities, MITl, MLT_1, IT, Ea, IET, FET and CST. Diffusivity and density 

present negative correlations since the lower density the more amount of air is present on 

the sample, so the bigger the diffusivity is. Relations between volatiles and the MITl 

parameters (the three of them) are positive. This positive correlation is also observed with 

MLT_1, IT, Tcharact, FET, CST and diffusivities, while is negative with EMI, Ea, TIE and 

densities. 

 

Figure 69. Relations between volatiles and ash contents (%) and density (g/L), diffusivity (m2/s) 

and Ea (kJ/mol) 
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Figure 70. Relations between volatiles content (%) and MITl50mm, MLT_1, IT, IET, FET and 

CST (ºC) 

The d50 could represent the particle size of the samples, and its relations are the ones 

observed with MITl 50 millimetres, MIE, Ea, Tcharact, CST, densities and diffusivities. The 

relations with the temperatures are all of them positives, so the higher the particle size, the 

higher the temperatures are and the more difficult the reactions are. On the other hand, with 

both energies (MIE and Ea), the relations are negative, and the lower the particle size the 

less energy is necessary to ignite the dust. Finally, the higher the particle size, the higher the 

diffusivity of the sample, and the lower its density is. 
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Figure 71. Relations between medium particle size (µm), density (g/L), diffusivity (m2/s), Tcharact, 

CST and MITl50mm (ºC) 

The minimum ignition temperature on a layer is related with IT, Tcharact, FET and CST are 

positive and show the similarities existing among these parameters and the processes they 

describe. However, this relation is negative with the IET. 

Finally, it is important to remark that the MLT_1 present several relations, while MLT_2 

does not present any significant correlation with any of the studied parameters. 
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6.3.2. THERMOGRAVIMETRY AND DIFFERENTIAL SCANNING 

CALORIMETRY 

Thermogravimetry curves show many similarities between the studied samples. 

In the samples NFA-101 to NFA-103 it is observed that the IT decreases as the coal content 

decreases and the sewage sludge’s increases.  

In the samples in which biomass is added, NFA-104 to 106 and NFA-107 to 109, the IT 

increases when the torrefied wood pellets content increases, and the other material decreases 

(coal in the first case and thermally dried sewage sludge in the second one). 

For the derivative curve of the thermogravimetry tests, the first peak observed is due to the 

light volatiles emission. This first peak is characteristic of light organic material, while coal 

samples do not present it. The higher the peak, the more amounts of light volatiles the sample 

has. And the narrower the peak is, the easier the reaction of these materials is. 

Samples NFA-101 to 103, formed by coal and thermally dried sewage sludge, shown that 

when the amount of sewage sludge is higher, the first peak rises, and the second one 

decreases and widens. This means that the light volatiles content is higher when the sewage 

sludge content is higher, and the heavies are lower. The MLT_1 decreases when the sewage 

sludge content increases, so the combustion of the sample is easier. 

Combining coal and torrefied wood pellets (NFA-104 to 106), the same process occurs but 

more drastically, due to torrefied wood pellets present tall and narrow peaks. The first peak 

increases by adding torrefied wood pellets, and the second one decreases. The MLT_1 

increases when the torrefied wood pellets content increases. 

In the samples formed by thermally dried sewage sludge and torrefied wood pellets (NFA-

107 to 109) the second peak almost disappears in all the cases, while the first one is taller and 

narrower while the torrefied wood pellets content is higher. 

It is possible to verify the behaviour using the weighted average of normalised weight loss of 

the blend with the following equation: 𝑊𝑏𝑙𝑒𝑛𝑑 = ∑ 𝑥𝑖 · 𝑊𝑖, where xi are the weight 

percentages of each component in the blend, respectively, and Wi  are the normalised weight 

of loss of the materials. 

The similarities and differences between the curves obtained from this method (red coloured) 

and the measured ones (blue) are shown in Figure 72. 
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Figure 72. TG curves estimated and measured for mixtures 
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Looking at the TGO parameters, the characteristic oxidation temperature does not give 

much information in these samples, due to the values are almost the same for all the samples. 

Only one of the studied samples is not located in the high self-ignition risk area according to 

this parameter, but it is for just 1ºC. 

But the influence of the coal on the activation energy is obvious. The Ea is not an important 

parameter for the biomass samples, because they almost always present Ea values of less 

than 79 kJ, and are always located in the same area according to it. But in this case, the 

samples with high amounts of coal present values of more than 79 kJ, and are located on 

different areas for this parameter. 

Finally, DSC curves have been studied. Focusing on the mixtures formed by coal and 

thermally dried sewage sludge (NFA-101 to 103), the addition of the second component 

causes an increase on the values of absorbed heat at the beginning of the process, which is 

to say that samples with more amount of sewage sludge need more energy for starting the 

exothermic process. However, values obtained from this test (IET, FET and CST) are almost 

the same in the three samples. The heat emitted by these mixtures is higher than the others, 

so these mixtures are the betters for producing heat. 

In the other two groups, coal and torrefied wood pellets (NFA-104 to 106) and thermally 

dried sewage sludge and torrefied wood pellets (NFA-107 to NFA-109), by adding the 

second component the IET decreases while FET and CST increases, so the exothermic 

reaction starts earlier but not the quick one. The rapid exothermic reaction starts later and 

finishes later too. 

It is important to notice that in all the studied cases, the mixtures curves are not located in 

the range delimited by the pure components. This can be corroborated by the difference 

existing between the estimated and the measured curves, as shown in Figure 73. 
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Figure 73. DSC curves estimated and measured for mixtures 
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6.3.3. MINIMUM IGNITION TEMPERATURE ON A LAYER AND 

MINIMUM IGNITION ENERGY 

The variation of coal and thermally dried sewage sludge in the first three samples studied 

(NFA-101 to 103) does not affect to MITl or MIE values. The values are almost the same 

for the three concentrations, and the compaction does not show any influence on the MITl. 

The MITl increases and the MIE decreases when torrefied wood pellet is added to coal 

(NFA-104 to 106). The influence of torrefied wood pellets on the first parameter shows that 

the higher the amount of pellet in the mixture, the higher the temperature needed for the 

ignition of a layer of dust (of 5 of 50 millimetres), so it is more difficult for the layer to ignite. 

On the other hand, the energy needed for the ignition of a cloud of this mixture is lower, 

and the ignition is easier. Moreover, compaction has not influence on the ignition of wide 

layers. 

The same effect is observed on the mixtures formed by thermally dried sewage sludge and 

torrefied wood pellets (NFA-106 to 109). The layers are more difficult to ignite when the 

torrefied wood pellets content is higher, and the cloud is easier to ignite. Moreover, the MIE 

values for these mixtures are lower than for the ones formed by coal and torrefied wood 

pellets, being the last to values the same and also the same as the torrefied wood pellets one. 

Finally, the compaction causes an increase on the minimum ignition temperature of the layers 

of two of the three studied mixtures, so compaction could help on preventing the ignition 

of dust layers. 

Expected parameters have been determined with the values obtained for the primary 

components of the mixtures estimating that each component’s contribution is the same as 

the percentage of presence in the mixture, as shown in Figure 74. 
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Figure 74. Calculated vs measured MIE and MITl 

Calculated values of MIE are higher than the measured ones, i.e. the risk is higher than the 

calculated depending on the composition of the mixtures, while for the MITl of 5 mm, the 

expected values are lower than the measured ones. In the case of thicker layers, seven of the 

ten samples have the same value of measured and calculated MITl 50 mm, while the other 

three present higher calculated values than the expected ones. 

Plotting the calculated vs measured values of the parameters (Figure 74) it can be seen a high 

correlations between these parameters. These correlations demonstrate that no antagonistic 

or synergistic effects occur. However, calculated values show that the expected values are 

not the same as the measured ones, so tests should be done to be sure that all the industrial 

facilities are designing their protection and prevention measures according to the right 

parameters. 
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7.  CONCLUSIONS 

This research shows flammability data of biomass from agriculture, forestry and waste origin. 

The variability of these parameters is shown and also how this variability affects to the self-

ignition tendency of the samples. 

 Volatiles and ash contents are the compositional parameters that better represent the 

variability on the flammability properties of solid fuels. The relations observed between 

these parameters and the risks allow to design prevention measures and protection 

systems in the processing facilities in order to avoid flammability risks. 

 The importance of particle size over other studied parameters in the reactivity of the 

samples is observed. The thinner the size, the more reactive the material. 

 Pelletization of dusty samples is a good way to reduce their ignition risk, but it is important 

to take into account that all pellets may become crushed and dust will always be present, 

so both particle sizes have to be studied and equipment have to be designed for the most 

dangerous situation.  

 Relations between the different measured temperatures showed the high dependency 

existing between different groups of parameters, and how the ignition, self-ignition and 

reactivity of the samples are related. It was also observed that the temperatures related 

with these actions vary together showing the same tendency. 

 Looking at the gas emissions tests, it is observed that the total amount of gas emissions 

from the studied samples heavily depends on the temperature of the sample. Compaction 

also affects to emissions, but it depends on the particle size and the moisture of the 

sample. The lower values of these parameters, the more efficient the compaction is. 

 The combustion process of the sample is earlier detected by gas emission than by TG-

DSC emissions. CO emissions are detected at lower temperatures than IT, while it 

happens occasionally with CO2. This means that CO emissions are more effective for this 

methodology. A continuous monitoring of CO emissions from dust accumulations will 

allow the early detection of self-heating processes, providing more time for the protective 

measures to act properly.  

 Also different heating stages existing in the combustion process which can be easily 

detected with the TG-DSC analyses may be also defined with the gas emission test. 

 Compaction of the samples is one of the most used methods to avoid self-ignition of 

coals, but it does not seem to be as effective for biomass samples. Compaction of 
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biomasses not always reduces the reactivity of the sample, i.e. the minimum ignition 

temperature on a layer. It is important to take into account the accessibility of the oxygen 

to the particles. This accessibility is also influenced by the specific surface area. 

 Thermal diffusivity values of dusty samples is the parameter that may determine in 

advance the ignitability of dust layers, and it can be used to have a first approach to 

ignition temperatures rank. 

 The procedure to evaluate thermal susceptibility based on the activation energy and the 

characteristic oxidation temperature provides a detailed analysis of samples. However, for 

the self-ignition risk of biomass samples, activation energy is not as determinant as the 

characteristic temperature is. Classification according to the activation energy values has 

been developed for coal samples, and it seems that this parameter is not as important for 

biomass samples as it was for coals. 

 Thermally dried sewage sludge is nowadays been promoted as a new fuel, so their 

properties are still unknown. These samples present a high self-ignition risk, mainly 

influenced by their chemical composition, so a deep study of these parameters may 

provide a guide to design prevention and protection measures to decrease the hazards 

associated with the handling, transport and storage. 

 The thermal behaviour of solid fuels mixtures can be estimated through TG-DSC 

analyses, since the weighted average of normalised weight loss of the blend provides 

similar values as the ones experimentally obtained. 

 This similarity is not observed for MITl and MIE, for which estimated values differed 

from the experimental ones. The experimental values provide higher values than the 

estimated ones. 
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8. CONCLUSIONES 

Esta investigación aporta numerosos datos de inflamabilidad de biomasa procedente tanto 

de la agricultura, como forestal y residual. Así, se detalla la variabilidad de estos parámetros 

y como ésta afecta a su posible riesgo de autoignición. 

 Los contenidos en volátiles y en cenizas son los parámetros composicionales que 

mejor representan la variabilidad de las propiedades de inflamabilidad de los sólidos 

combustibles. Las relaciones observadas entre estos parámetros y el riesgo de 

ignición permiten diseñar medidas de prevención y protección adecuadas para 

eliminar o disminuir ese riesgo. 

 Se ha observado así mismo la importancia del tamaño de grano en la reactividad de 

los sólidos combustibles. Cuanto menor es el tamaño de grano, más reactividad 

presenta el material. 

 La pelletización de las muestras de polvo es una buena medida para reducir el riesgo 

de ignición de este tipo de productos, pero es importante tener en cuenta que los 

pellets pueden romperse durante su procesamiento y que siempre va a haber presente 

polvo, por lo que debe estudiarse ambos tamaños de grano. Los equipos de este tipo 

de instalaciones deben diseñarse siempre para la situación más peligrosa posible. 

 Se ha observado la gran dependencia que existe entre los distintos grupos de 

parámetros a través de las diferentes temperaturas medidas, y como la ignición, 

autoignición y reactividad de las muestras están ampliamente relacionadas. Las 

temperaturas que caracterizan estos procesos varían en el mismo sentido. 

 Focalizando en los ensayos de emisiones de gases, se ha observado que la emisión de 

gases durante el calentamiento de este tipo de muestras depende fuertemente de la 

temperatura de la muestra. Así mismo, la compactación afecta a estas emisiones, pero 

su sentido depende del tamaño de grano y de la humedad de la muestra. Cuanto más 

pequeños son estos parámetros, más eficiente es la compactación. 

 El proceso de combustión se puede detectar con anterioridad a través de los ensayos 

de emisiones de gases que a los ensayos de termogravimetría y calorimetría diferencial 

de barrido. Las emisiones de CO se pueden detectar antes que la temperatura de 

inicio del proceso de combustión, y puntualmente ocurre lo mismo con las emisiones 

de CO2. Esto implica que las emisiones de CO son más eficientes para este proceso. 

Así, un continuo monitoreo de emisiones de CO procedente de las acumulaciones 
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de polvo puede permitir una detección precoz de los procesos de autoignición, 

proporcionando suficiente tiempo para que las medidas de protección implantadas 

actúen adecuadamente. 

 Las diferentes etapas del proceso de calentamiento existentes en los procesos de 

combustión y ampliamente estudiadas previamente gracias a los ensayos de TG-DSC 

pueden ser observadas gracias al ensayo de emisiones de gases. 

 La compactación de las muestras es uno de los mecanismos más empleados para 

evitar la autoignición de depósitos de carbón, pero no demuestra la misma eficacia 

en el caso biomasas. La compactación de biomasas no siempre reduce la reactividad 

de las muestras, como se ha observado con la temperatura mínima de inflamación en 

capa. Así, es importante tener en cuenta la accesibilidad del oxígeno a las partículas, 

la cual a su vez está influenciada por el área superficial de estas partículas. 

 La difusividad térmica se puede emplear para determinar el riesgo de inflamabilidad 

de las capas de polvo, así como para realizar una primera aproximación del rango de 

temperaturas de ignición. 

 El procedimiento empleado para evaluar la susceptibilidad térmica basado en la 

energía de activación y la temperatura de oxidación característica proporciona un 

análisis detallado de las muestras. A pesar de ello, se ha observado que la energía de 

activación no es un parámetro determinante en el caso de las biomasas, a pesar de 

que sí lo es en el caso de carbones, para los cuales se desarrolló. 

 Los lodos de depuradora secados térmicamente son productos cuyas propiedades 

aún  no han sido ampliamente estudiadas dada su novedad como combustible. Este 

tipo de materiales presenta un elevado riesgo de autoignición, principalmente 

influenciado por su composición química, por lo que un completo estudio de estos 

parámetros puede proporcionar una guía para diseñar las medidas de protección y 

prevención necesarias para disminuir los riesgos asociados con su manejo, transporte 

y almacenamiento. 

 El comportamiento térmico de las mezclas de sólidos combustibles se puede estimar 

a través de los análisis de TG-DSC, ya que los resultados estimados a través de la 

media ponderada de sus pesos normalizados proporciona valores similares a los 

obtenidos experimentalmente. 

 En cambio, esta similitud no se observa para los valores de temperatura mínima de 

inflamación en capa y de energía mínima de ignición, para los que los valores 

experimentales son mayores que los estimados.  
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9. FUTURE WORK 

 Deepen the influence of pelletization on the ignition risks of biomasses. 

 Modification of the x axis (Ea) for the improvement of the thermal susceptibility 

graph. 

 Study of the influence of the shape of the particles on the explosibility of solid fuels. 

 Further study of the double effect that compaction cause on the thermal 

susceptibility of solid fuels. 

 Study of the influence of the different pre-treatments on the self-ignition risk of 

thermally dried sewage sludge. 
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1. Proximate analysis solid fuels 

2. Granulometric curves solid fuels 

3. Gases emissions solid fuels 

CO emissions 

CO2 emissions 

4. Results of interval method gas emissions test 
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6. Elemental analysis thermally dried sewage sludge 
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11. Self-ignition temperature thermally dried sewage sludge (LRET-121) 

12. Elemental analysis of mixtures 

13. Proximate analysis mixtures 

  



1. Proximate analysis solid fuels 
 

Sample Moisture (%) Ashes (%) Volatiles (%) 
Fixed carbon 

(%) 

NFA-1 fine 7.28 3.73 79.20 17.07 

NFA-1 coarse 7.27 2.01 81.87 16.12 

NFA-2 8.85 8.08 75.05 16.87 

NFA-3 4.30 15.40 32.10 52.50 

NFA-4 fine 7.76 0.90 86.91 12.19 

NFA-4 coarse 7.84 0.30 86.36 13.34 

NFA-5 7.37 30.45 63.22 6.33 

NFA-6 fine 1.13 6.39 93.50 0.11 

NFA-6 coarse 2.00 4.37 92.09 3.54 

NFA-7 fine 9.21 42.45 54.40 3.15 

NFA-7 coarse 8.99 40.69 55.88 3.43 

NFA-8 9.68 36.71 55.32 7.97 

NFA-9 7.77 39.89 56.25 3.86 

NFA-10 fine 0.75 0.41 10.19 89.40 

NFA-10 coarse 0.74 0.31 8.71 90.98 

NFA-11 5.35 34.82 41.72 23.46 

NFA-12 8.83 8.42 76.14 15.44 

NFA-13 8.09 21.72 65.03 13.25 

NFA-14 fine 3.11 5.70 87.40 6.90 

NFA-14 coarse 1.79 4.56 94.21 1.23 

NFA-15 fine 4.46 0.58 81.19 18.23 

NFA-15 coarse 15.33 0.82 82.06 17.12 

NFA-16 fine 4.15 1.05 77.89 21.06 

NFA-16 coarse 3.53 0.90 80.18 18.92 

 

  



2. Granulometric curves solid fuels 
 

 

Figure 2-1. Granulometric curve NFA-1 fine 

 

Figure 2-2. Granulometric curve NFA-1 coarse 

 

Figure 2-3. Granulometric curve NFA-2 



 

Figure 2-4. Granulometric curve NFA-3 

 

Figure 2-5. Granulometric curve NFA-4 fine 

 

Figure 2-6. Granulometric curve NFA-4 coarse 



 

Figure 2-7. Granulometric curve NFA-5 

 

Figure 2-8. Granulometric curve NFA-6 fine 

 

Figure 2-9. Granulometric curve NFA-6 coarse 



 

Figure 2-10. Granulometric curve NFA-7 fine 

 

Figure 2-11. Granulometric curve NFA-7 coarse 

 

Figure 2-12.Granulometric curve NFA-8 



 

Figure 2-13. Granulometric curve NFA-9 

 

Figure 2-14. Granulometric curve NFA-10 fine 

 

Figure 2-15. Granulometric curve NFA-10 coarse 



 

Figure 2-16. Granulometric curve NFA-11 

 

Figure 2-17. Granulometric curve NFA-12 

 

Figure 2-18. Granulometric curve NFA-13 



 

Figure 2-19. Granulometric curve NFA-14 fine 

 

Figure 2-20. Granulometric curve NFA-14 coarse 

 

Figure 2-21. Granulometric curve NFA-15 fine 



 

Figure 2-22. Granulometric curve NFA-15 coarse 

 

Figure 2-23. Granulometric curve NFA-16 fine 

 

Figure 2-24. Granulometric curve NFA-16 coarse 

 

  



3. Gases emissions solid fuels 

CO emissions 

 

Figure 3-1. NFA-1 

 

 

Figure 3-2. NFA-2 

 

 

 



 

Figure 3-3. NFA-3 

 

 

 

Figure 3-4. NFA-4 

 

 

 



 

 

Figure 3-5. NFA-5 

 

 

 

Figure 3-6. NFA-6 

 

 



 

Figure 3-7. NFA-7 

 

 

 

Figure 3-8. NFA-8 

 

 

 



 

Figure 3-9. NFA-9 

 

 

 

Figure 3-10. NFA-10 

 

 

 



 

Figure 3-11. NFA-11 

 

 

 

Figure 3-12. NFA-12 
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Figure 3-13. NFA-13 

 

 

 

Figure 3-14. NFA-14 

 

 

 



 

Figure 3-15. NFA-15 

 

 

 

Figure 3-16. NFA-16  



CO2 emissions 

 

 

Figure 3-17. NFA-1 

 

 

 

Figure 3-18. NFA-2 

 



 

 

Figure 3-19.NFA-3 

 

 

 

Figure 3-20. NFA-4 

 

 



 

 

Figure 3-21. NFA-5 

 

 

 

Figure 3-22. NFA-6 

 

 



 

 

Figure 3-23. NFA-7 

 

 

 

Figure 3-24. NFA-8 

 

 



 

 

Figure 3-25. NFA-9 

 

 

 

Figure 3-26. NFA-10 

 

 



 

 

Figure 3-27. NFA-11 

 

 

 

Figure 3-28. NFA-12 

 

 



 

 

Figure 3-29. NFA-13 

 

 

 

Figure 3-30. NFA-14 

 

 



 

 

Figure 3-31. NFA-15 

 

 

 

Figure 3-32. NFA-16  



4. Results of interval method gas emissions test 
NFA-1 coarse no-compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,20 2,22 

100-120 0,08 0,93 

120-140 2,94 32,65 

140-160 2,51 27,85 

160-180 2,56 28,40 

180-200 0,72 7,95 

Sum 9,00 100,00 
 

 

NFA-1 fine no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 1,39 9,74 

120-140 8,62 60,58 

140-160 1,48 10,42 

160-180 1,83 12,88 

180-200 0,91 6,37 

Sum 14,23 100,00 
 

NFA-1 fine compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,50 5,73 

120-140 3,42 39,13 

140-160 1,77 20,27 

160-180 1,55 17,79 

180-200 1,49 17,08 

Sum 8,73 100,00 
 

NFA-2 no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 3,91 32,37 

120-140 1,91 15,83 

140-160 1,57 12,99 

160-180 3,56 29,45 

180-200 1,13 9,37 

Sum 12,08 100,00 
 

NFA-2 compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,50 4,45 

80-100 2,67 23,71 

100-120 2,45 21,83 

120-140 1,50 13,34 

140-160 0,63 5,62 

160-180 2,01 17,84 

180-200 1,49 13,22 

Sum 11,25 100,00 
 



NFA-3 no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 22,00 62,06 

100-120 9,41 26,54 

120-140 1,43 4,03 

140-160 0,86 2,42 

160-180 0,63 1,77 

180-200 1,13 3,18 

Sum 35,45 100,00 
 

NFA-3 compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 50,80 82,41 

100-120 3,51 5,70 

120-140 3,16 5,13 

140-160 1,25 2,03 

160-180 2,15 3,49 

180-200 0,77 1,24 

Sum 61,65 100,00 
 

NFA-4 coarse no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,95 13,82 

120-140 2,18 31,58 

140-160 1,47 21,28 

160-180 1,17 17,00 

180-200 1,13 16,33 

Sum 6,90 100,00 
 

NFA-4 coarse compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 12,00 66,91 

80-100 0,62 3,43 

100-120 1,27 7,08 

120-140 1,15 6,39 

140-160 1,54 8,61 

160-180 0,61 3,41 

180-200 0,75 4,17 

Sum 17,93 100,00 
 

NFA-4 fine no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,64 5,98 

60-80 2,20 20,62 

80-100 1,76 16,50 

100-120 1,84 17,22 

120-140 2,28 21,39 

140-160 0,64 5,95 

160-180 0,61 5,70 

180-200 0,71 6,65 

Sum 10,67 100,00 
 

NFA-4 fine compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 1,75 11,53 

100-120 6,91 45,50 

120-140 0,54 3,56 

140-160 0,53 3,49 

160-180 2,47 16,29 

180-200 2,98 19,64 

Sum 15,18 100,00 
 



NFA-5 no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 5,00 35,57 

100-120 2,37 16,84 

120-140 1,48 10,49 

140-160 2,55 18,17 

160-180 0,77 5,50 

180-200 1,89 13,44 

Sum 14,06 100,00 
 

NFA-5 compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 5,00 35,26 

100-120 2,83 19,98 

120-140 1,48 10,43 

140-160 3,00 21,18 

160-180 0,46 3,21 

180-200 1,41 9,94 

Sum 14,18 100,00 
 

NFA-6 coarse no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 1,00 4,40 

120-140 4,27 18,81 

140-160 0,58 2,54 

160-180 3,99 17,56 

180-200 12,88 56,69 

Sum 22,72 100,00 
 

NFA-6 coarse compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 17,00 62,89 

120-140 3,61 13,36 

140-160 1,57 5,79 

160-180 2,91 10,77 

180-200 1,94 7,19 

Sum 27,03 100,00 
 

NFA-6 fine no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,67 4,49 

100-120 5,00 33,69 

120-140 2,00 13,47 

140-160 2,22 14,97 

160-180 3,38 22,77 

180-200 1,57 10,61 

Sum 14,84 100,00 
 

NFA-6 fine compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,50 3,06 

80-100 0,67 4,08 

100-120 0,00 0,00 

120-140 3,80 23,28 

140-160 0,83 5,11 

160-180 4,55 27,85 

180-200 5,98 36,61 

Sum 16,32 100,00 
 



NFA-7 coarse no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,07 0,56 

60-80 0,17 1,30 

80-100 2,15 16,24 

100-120 3,67 27,78 

120-140 2,06 15,55 

140-160 0,33 2,52 

160-180 0,34 2,54 

180-200 4,43 33,50 

Sum 13,22 100,00 
 

NFA-7 coarse compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 1,14 5,56 

60-80 0,67 3,25 

80-100 0,36 1,75 

100-120 12,82 62,44 

120-140 2,76 13,45 

140-160 0,98 4,75 

160-180 0,32 1,57 

180-200 1,48 7,23 

Sum 20,54 100,00 
 

NFA-7 fine no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,53 3,04 

60-80 5,50 31,57 

80-100 1,25 7,17 

100-120 5,43 31,15 

120-140 0,38 2,15 

140-160 3,19 18,29 

160-180 0,79 4,51 

180-200 0,37 2,12 

Sum 17,42 100,00 
 

NFA-7 fine compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 2,46 12,62 

60-80 0,89 4,57 

80-100 8,14 41,79 

100-120 2,22 11,41 

120-140 0,87 4,48 

140-160 1,32 6,76 

160-180 3,49 17,90 

180-200 0,09 0,48 

Sum 19,49 100,00 
 

NFA-8 no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,30 1,78 

60-80 3,62 21,44 

80-100 0,51 3,01 

100-120 3,64 21,59 

120-140 0,60 3,53 

140-160 7,99 47,42 

160-180 0,09 0,55 

180-200 0,11 0,67 

Sum 16,86 100,00 
 

NFA-8 compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 3,00 32,28 

100-120 1,03 11,10 

120-140 2,74 29,47 

140-160 0,49 5,27 

160-180 1,14 12,31 

180-200 0,89 9,57 

Sum 9,29 100,00 
 



NFA-9 no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 1,28 15,11 

120-140 3,30 38,94 

140-160 2,06 24,36 

160-180 1,59 18,82 

180-200 0,23 2,76 

Sum 8,46 100,00 
 

NFA-9 compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 10,67 53,34 

100-120 2,00 10,00 

120-140 3,64 18,19 

140-160 1,26 6,29 

160-180 2,35 11,75 

180-200 0,09 0,43 

Sum 20,00 100,00 
 

NFA-10 coarse no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 1,67 10,52 

120-140 9,88 62,33 

140-160 1,16 7,33 

160-180 0,66 4,20 

180-200 2,48 15,63 

Sum 15,84 100,00 
 

NFA-10 coarse compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 2,47 39,26 

140-160 0,81 12,86 

160-180 2,32 36,91 

180-200 0,69 10,97 

Sum 6,28 100,00 
 

NFA-10 fine no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,31 4,09 

120-140 3,22 41,91 

140-160 1,02 13,30 

160-180 2,14 27,91 

180-200 0,98 12,78 

Sum 7,68 100,00 
 

NFA-11 fine compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 7,00 47,44 

100-120 1,72 11,65 

120-140 1,80 12,23 

140-160 0,61 4,17 

160-180 1,62 11,01 

180-200 1,99 13,51 

Sum 14,76 100,00 
 



NFA-11 no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,50 4,57 

100-120 4,83 44,19 

120-140 2,25 20,55 

140-160 0,97 8,90 

160-180 1,66 15,15 

180-200 0,73 6,64 

Sum 10,94 100,00 
 

NFA-11 compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 21,00 63,61 

100-120 4,64 14,04 

120-140 1,05 3,18 

140-160 1,33 4,02 

160-180 1,60 4,85 

180-200 3,40 10,30 

Sum 33,01 100,00 
 

NFA-12 no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 2,33 20,46 

100-120 0,95 8,33 

120-140 2,97 26,08 

140-160 1,74 15,28 

160-180 2,64 23,13 

180-200 0,77 6,72 

Sum 11,40 100,00 
 

NFA-12 compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 2,00 20,93 

100-120 0,89 9,30 

120-140 1,82 19,08 

140-160 0,95 9,95 

160-180 2,18 22,79 

180-200 1,72 17,95 

Sum 9,56 100,00 
 

NFA-13 no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,08 0,53 

120-140 11,02 75,49 

140-160 0,95 6,54 

160-180 2,44 16,69 

180-200 0,11 0,76 

Sum 14,60 100,00 
 

NFA-13 compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 4,91 40,97 

120-140 2,48 20,67 

140-160 1,91 15,92 

160-180 2,69 22,43 

180-200 0,00 0,01 

Sum 11,98 100,00 
 



NFA-14 coarse no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 0,95 8,32 

140-160 1,00 8,72 

160-180 7,36 64,15 

180-200 2,16 18,81 

Sum 11,47 100,00 
 

NFA-14 coarse compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 9,00 33,56 

120-140 3,20 11,93 

140-160 1,95 7,28 

160-180 4,86 18,13 

180-200 7,80 29,10 

Sum 26,82 100,00 
 

NFA-14 fine no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 1,60 15,00 

80-100 0,38 3,61 

100-120 3,17 29,69 

120-140 1,19 11,13 

140-160 0,60 5,66 

160-180 0,70 6,52 

180-200 3,03 28,38 

Sum 10,66 100,00 
 

NFA-14 fine compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 4,13 26,01 

120-140 0,76 4,77 

140-160 2,58 16,29 

160-180 6,02 37,93 

180-200 2,38 15,00 

Sum 15,86 100,00 
 

NFA-15 coarse no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 3,55 46,85 

120-140 0,42 5,55 

140-160 2,25 29,78 

160-180 1,03 13,56 

180-200 0,32 4,26 

Sum 7,57 100,00 
 

NFA-15 coarse compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 5,00 51,15 

120-140 1,19 12,15 

140-160 0,72 7,40 

160-180 2,72 27,86 

180-200 0,14 1,44 

Sum 9,78 100,00 
 



NFA-15 fine no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 8,40 52,69 

120-140 2,38 14,95 

140-160 1,04 6,55 

160-180 0,67 4,23 

180-200 3,44 21,59 

Sum 15,94 100,00 
 

NFA-15 fine compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,18 1,54 

80-100 0,56 4,71 

100-120 0,50 4,24 

120-140 6,24 52,93 

140-160 0,89 7,54 

160-180 0,66 5,62 

180-200 2,76 23,41 

Sum 11,78 100,00 
 

NFA-16 coarse no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,08 0,89 

80-100 0,39 4,55 

100-120 0,77 8,90 

120-140 1,71 19,79 

140-160 0,21 2,41 

160-180 4,81 55,67 

180-200 0,67 7,79 

Sum 8,64 100,00 
 

NFA-16 coarse compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,89 9,07 

80-100 0,35 3,60 

100-120 2,22 22,62 

120-140 0,50 5,10 

140-160 3,60 36,76 

160-180 0,39 3,93 

180-200 1,86 18,93 

Sum 9,80 100,00 
 

NFA-16 fine no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 1,00 8,53 

80-100 1,83 15,64 

100-120 0,61 5,18 

120-140 0,68 5,82 

140-160 4,01 34,24 

160-180 3,32 28,27 

180-200 0,27 2,32 

Sum 11,73 100,00 
 

NFA-16 fine compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,60 7,19 

80-100 0,67 7,99 

100-120 0,95 11,38 

120-140 2,13 25,50 

140-160 1,86 22,35 

160-180 0,87 10,44 

180-200 1,26 15,14 

Sum 8,34 100,00 
 



5. CO2 emissions 

NFA-1 coarse no-compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,14 3,30 

120-140 0,25 5,77 

140-160 1,40 32,32 

160-180 2,42 55,79 

180-200 0,12 2,82 

Sum 4,33 100,00 
 

 

NFA-1 fine no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,13 2,85 

60-80 0,00 0,00 

80-100 0,67 15,22 

100-120 0,07 1,52 

120-140 1,13 25,68 

140-160 0,65 14,77 

160-180 0,75 17,12 

180-200 1,00 22,83 

Sum 4,38 100,00 
 

NFA-1 fine compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,13 2,51 

60-80 0,00 0,00 

80-100 0,78 15,59 

100-120 0,00 0,00 

120-140 0,75 15,03 

140-160 0,86 17,18 

160-180 0,58 11,56 

180-200 1,90 38,13 

Sum 4,99 100,00 
 

NFA-2 no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 1,00 15,44 

100-120 0,28 4,29 

120-140 0,13 2,01 

140-160 0,81 12,47 

160-180 0,66 10,18 

180-200 3,60 55,61 

Sum 6,48 100,00 
 

NFA-2 compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 0,71 16,55 

140-160 0,67 15,45 

160-180 2,05 47,50 

180-200 0,89 20,51 

Sum 4,32 100,00 
 



NFA-3 no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 1,50 21,65 

100-120 3,00 43,31 

120-140 0,90 12,99 

140-160 0,34 4,94 

160-180 0,51 7,36 

180-200 0,68 9,75 

Sum 6,93 100,00 
 

NFA-3 compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,45 9,13 

100-120 0,75 15,06 

120-140 0,36 7,17 

140-160 0,37 7,40 

160-180 1,27 25,49 

180-200 1,78 35,74 

Sum 4,98 100,00 
 

NFA-4 coarse no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 8,00 66,66 

140-160 1,44 12,04 

160-180 1,18 9,85 

180-200 1,38 11,46 

Sum 12,00 100,00 
 

NFA-4 coarse compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 2,00 39,34 

140-160 1,67 32,79 

160-180 0,75 14,75 

180-200 0,67 13,11 

Sum 5,08 100,00 
 

NFA-4 fine no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 5,67 62,41 

140-160 0,53 5,87 

160-180 0,39 4,33 

180-200 2,49 27,39 

Sum 9,08 100,00 
 

NFA-4 fine compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 0,75 6,62 

140-160 5,00 44,12 

160-180 2,33 20,59 

180-200 3,25 28,68 

Sum 11,33 100,00 
 



NFA-5 no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 2,13 41,38 

80-100 0,52 10,13 

100-120 0,47 9,22 

120-140 0,39 7,65 

140-160 0,51 9,99 

160-180 0,34 6,60 

180-200 0,77 15,04 

Sum 5,14 100,00 
 

NFA-5 compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 1,09 24,82 

60-80 0,61 13,85 

80-100 0,11 2,46 

100-120 0,12 2,77 

120-140 0,63 14,34 

140-160 0,95 21,54 

160-180 0,23 5,30 

180-200 0,66 14,92 

Sum 4,40 100,00 
 

NFA-6 coarse no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 2,00 18,14 

140-160 1,00 9,07 

160-180 2,50 22,68 

180-200 5,52 50,11 

Sum 11,02 100,00 
 

NFA-6 coarse compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 0,00 0,00 

140-160 3,50 58,43 

160-180 1,44 24,11 

180-200 1,05 17,45 

Sum 5,99 100,00 
 

NFA-6 fine no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 10,00 80,64 

80-100 0,27 2,20 

100-120 0,21 1,73 

120-140 0,29 2,37 

140-160 0,27 2,20 

160-180 1,07 8,64 

180-200 0,28 2,22 

Sum 12,40 100,00 
 

NFA-6 fine compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 6,00 67,62 

100-120 0,57 6,44 

120-140 0,55 6,15 

140-160 0,76 8,62 

160-180 0,20 2,25 

180-200 0,79 8,92 

Sum 8,87 100,00 
 



NFA-7 coarse no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,38 3,68 

60-80 0,81 7,77 

80-100 2,33 22,31 

100-120 0,30 2,87 

120-140 2,92 27,95 

140-160 0,53 5,06 

160-180 0,09 0,86 

180-200 3,08 29,50 

Sum 10,46 100,00 
 

NFA-7 coarse compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 5,50 32,47 

60-80 0,38 2,27 

80-100 0,63 3,69 

100-120 5,33 31,48 

120-140 0,84 4,97 

140-160 2,26 13,32 

160-180 0,36 2,12 

180-200 1,64 9,67 

Sum 16,94 100,00 
 

NFA-7 fine no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 2,00 19,76 

60-80 0,17 1,65 

80-100 0,20 1,98 

100-120 3,33 32,93 

120-140 0,08 0,76 

140-160 3,29 32,45 

160-180 0,57 5,60 

180-200 0,49 4,89 

Sum 10,12 100,00 
 

NFA-7 fine compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,38 3,38 

60-80 0,91 8,19 

80-100 3,50 31,55 

100-120 1,33 12,02 

120-140 1,05 9,44 

140-160 1,05 9,43 

160-180 2,60 23,46 

180-200 0,28 2,53 

Sum 11,09 100,00 
 

NFA-8 no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 2,67 22,24 

60-80 0,73 6,07 

80-100 1,33 11,12 

100-120 1,86 15,49 

120-140 0,50 4,17 

140-160 3,83 31,97 

160-180 0,14 1,15 

180-200 0,93 7,78 

Sum 11,99 100,00 
 

NFA-8 compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,50 6,78 

80-100 2,33 31,62 

100-120 0,80 10,84 

120-140 1,22 16,56 

140-160 0,38 5,08 

160-180 0,96 13,06 

180-200 1,19 16,06 

Sum 7,38 100,00 
 



NFA-9 no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 1,00 9,89 

60-80 1,00 9,89 

80-100 2,25 22,26 

100-120 0,77 7,61 

120-140 2,09 20,65 

140-160 1,56 15,47 

160-180 1,15 11,36 

180-200 0,29 2,86 

Sum 10,11 100,00 
 

NFA-9 compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 9,00 58,68 

100-120 1,20 7,82 

120-140 2,23 14,52 

140-160 1,27 8,26 

160-180 1,22 7,94 

180-200 0,43 2,78 

Sum 15,34 100,00 
 

NFA-10 coarse no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 0,00 0,00 

140-160 1,00 28,92 

160-180 0,33 9,64 

180-200 2,13 61,45 

Sum 3,46 100,00 
 

NFA-10 coarse compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 3,00 50,42 

140-160 0,25 4,20 

160-180 2,20 36,97 

180-200 0,50 8,40 

Sum 5,95 100,00 
 

NFA-10 fine no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,50 9,90 

120-140 1,00 19,79 

140-160 0,67 13,20 

160-180 1,70 33,65 

180-200 1,19 23,46 

Sum 5,05 100,00 
 

NFA-10 fine compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 2,00 28,18 

120-140 1,67 23,49 

140-160 0,25 3,52 

160-180 1,50 21,14 

180-200 1,68 23,67 

Sum 7,10 100,00 
 



NFA-11 no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 1,00 12,58 

80-100 1,00 12,58 

100-120 1,75 22,01 

120-140 1,91 24,01 

140-160 0,78 9,83 

160-180 0,86 10,81 

180-200 0,65 8,19 

Sum 7,95 100,00 
 

NFA-11 compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 5,00 41,92 

80-100 0,17 1,40 

100-120 1,80 15,09 

120-140 0,93 7,79 

140-160 0,93 7,76 

160-180 0,90 7,58 

180-200 2,20 18,46 

Sum 11,93 100,00 
 

NFA-12 no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 3,00 44,26 

140-160 1,13 16,60 

160-180 2,16 31,82 

180-200 0,50 7,33 

Sum 6,78 100,00 
 

NFA-12 compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 1,00 12,13 

100-120 0,00 0,00 

120-140 3,00 36,40 

140-160 1,06 12,89 

160-180 1,85 22,43 

180-200 1,33 16,14 

Sum 8,24 100,00 
 

NFA-13 no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,44 2,23 

120-140 16,40 82,16 

140-160 1,05 5,24 

160-180 1,99 9,99 

180-200 0,08 0,38 

Sum 19,96 100,00 
 

NFA-13 compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 3,67 36,00 

120-140 2,36 23,15 

140-160 1,70 16,71 

160-180 2,39 23,43 

180-200 0,07 0,71 

Sum 10,18 100,00 
 



NFA-14 coarse no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 0,00 0,00 

140-160 0,25 4,04 

160-180 4,00 64,69 

180-200 1,93 31,27 

Sum 6,18 100,00 
 

NFA-14 coarse compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 0,00 0,00 

140-160 0,00 0,00 

160-180 6,50 64,78 

180-200 3,53 35,22 

Sum 10,03 100,00 
 

NFA-14 fine no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 0,00 0,00 

140-160 0,14 7,89 

160-180 0,50 27,63 

180-200 1,17 64,47 

Sum 1,81 100,00 
 

NFA-14 fine compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 0,00 0,00 

140-160 0,00 0,00 

160-180 3,75 76,82 

180-200 1,13 23,18 

Sum 4,88 100,00 
 

NFA-15 coarse no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 1,00 17,81 

120-140 0,75 13,36 

140-160 2,14 38,17 

160-180 1,09 19,43 

180-200 0,63 11,23 

Sum 5,61 100,00 
 

NFA-15 coarse compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 1,00 15,65 

120-140 1,50 23,47 

140-160 0,80 12,52 

160-180 2,67 41,73 

180-200 0,42 6,64 

Sum 6,39 100,00 
 



NFA-15 fine no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 0,00 0,00 

140-160 1,11 21,38 

160-180 1,16 22,29 

180-200 2,93 56,33 

Sum 5,20 100,00 
 

NFA-15 fine compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 0,00 0,00 

140-160 1,00 19,87 

160-180 0,67 13,25 

180-200 3,37 66,89 

Sum 5,03 100,00 
 

NFA-16 coarse no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 0,00 0,00 

140-160 0,33 9,40 

160-180 2,63 74,06 

180-200 0,59 16,54 

Sum 3,54 100,00 
 

NFA-16 coarse compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 2,00 21,79 

140-160 5,33 58,10 

160-180 0,26 2,87 

180-200 1,58 17,25 

Sum 9,18 100,00 
 

NFA-16 fine no compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 1,00 8,28 

140-160 6,50 53,79 

160-180 4,33 35,86 

180-200 0,25 2,07 

Sum 12,08 100,00 
 

NFA-16 fine compacted 

Temperature 
range (ºC) 

RD (-) RP (%) 

40-60 0,00 0,00 

60-80 0,00 0,00 

80-100 0,00 0,00 

100-120 0,00 0,00 

120-140 0,00 0,00 

140-160 2,67 58,93 

160-180 0,73 16,07 

180-200 1,13 25,00 

Sum 4,53 100,00 
 



5. Graphs of inflexion points method gas emissions test 
NFA-1 coarse no compacted 

 

 

NFA-1 fine no compacted 

 
 

NFA-1 fine compacted 

 
 



NFA-2 no compacted 
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NFA-5 no compacted NFA-5 compacted 



 
 

 
 

NFA-6 coarse no compacted 
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NFA-6 fine no compacted NFA-6 fine compacted 
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NFA-7 fine no compacted NFA-7 fine compacted 



 
 

 
 

NFA-8 no compacted 

 
 

NFA-8 compacted 
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NFA-11 no compacted 
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NFA-14 coarse no compacted NFA-14 coarse compacted 



 
 

 
 

NFA-14 fine no compacted 
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NFA-15 fine compacted 

 
 

NFA-16 coarse no compacted NFA-16 coarse compacted 
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NFA-1 fine no compacted 
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NFA-4 fine  no compacted 
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NFA-7 coarse no compacted 
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NFA-7 fine no compacted NFA-7 fine compacted 



 
 

 
 

NFA-8 no compacted 
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NFA-10 coarse no compacted 

 
 

NFA-10 coarse compacted 

 
 

NFA-10 fine no compacted NFA-10 fine compacted 



 
 

 
 

NFA-11 no compacted 

 
 

NFA-11 compacted 

 
 

NFA-12 no compacted NFA-12 compacted 



 
 

 
 

NFA-13 no compacted 

 
 

NFA-13 compacted 

 
 

NFA-14 coarse no compacted NFA-14 coarse compacted 



 
 

 
 

NFA-14 fine no compacted 

 
 

NFA-14 fine compacted 

 
 

NFA-15 coarse no compacted NFA-15 coarse compacted 



 
 

 
 

NFA-15 fine no compacted 

 
 

NFA-15 fine compacted 

 
 

NFA-16 coarse no compacted NFA-16 coarse compacted 



 
 

 
 

NFA-16 fine no compacted 

 
 

NFA-16 fine compacted 

 
 



6. Elemental analysis thermally dried sewage sludge 

Sample C (% d.b.) H (% d.b.) N (% d.b.) S (% d.b.) O (% diff.) 

LRET-101 37.43 4.91 3.01 0.61 54.04 

LRET-102 28.48 3.56 2.96 0.84 64.16 

LRET-103 33.72 4.94 5.00 1.63 54.71 

LRET-104 34.72 4.70 4.46 1.24 54.88 

LRET-105 35.76 4.74 4.52 1.31 53.67 

LRET-106 33.83 4.52 4.75 1.61 55.29 

LRET-107 31.90 4.77 5.01 1.21 57.11 

LRET-108 29.57 4.45 4.70 1.31 59.97 

LRET-110 31.73 4.69 4.89 1.14 57.55 

LRET-111 30.23 4.50 4.83 1.49 58.95 

LRET-112 36.13 5.19 4.51 4.90 49.27 

LRET-113 34.72 4.96 5.13 2.24 52.95 

LRET-114 35.28 4.96 4.11 2.18 53.47 

LRET-115 32.28 4.67 4.65 1.96 56.44 

LRET-116 44.81 6.69 5.36 1.30 41.84 

LRET-117 38.30 6.33 3.72 1.08 50.57 

LRET-118 34.80 6.45 5.20 1.39 52.16 

LRET-119 31.90 5.63 4.27 0.89 57.31 

LRET-120 38.20 6.53 4.67 1.44 49.16 

LRET-121 33.40 6.24 4.37 1.23 54.76 

 

  



7. Proximate analysis thermally dried sewage sludge 

Sample Moisuture (%) Volatiles (% d.b.) Ashes (% d.b.) 
Fixed carbon (% 

diff.) 

LRET-101 6.10 62.30 32.20 5.50 

LRET-102 2.70 52.50 48.10 -0.60 

LRET-103 11.10 59.90 43.90 -3.80 

LRET-104 4.80 54.40 44.80 0.80 

LRET-105 6.50 53.50 45.00 1.50 

LRET-106 7.80 52.90 45.00 2.10 

LRET-107 5.60 55.40 41.70 2.90 

LRET-108 7.10 54.60 46.10 -0.70 

LRET-110 4.40 57.80 41.80 0.40 

LRET-111 6.20 54.20 44.30 1.50 

LRET-112 5.70 62.30 37.10 0.60 

LRET-113 3.00 60.40 38.10 1.50 

LRET-114 3.90 57.60 40.40 2.00 

LRET-115 14.10 56.60 40.00 3.40 

LRET-116 5.80 73.90 20.20 5.90 

LRET-117 2.40 57.40 38.50 4.10 

LRET-118 9.80 60.20 36.40 3.40 

LRET-119 1.30 51.50 45.40 3.10 

LRET-120 3.60 58.40 34.50 7.10 

LRET-121 6.20 57.00 41.70 1.30 

 

  



8. Thermogravimetric curves thermally dried sewage sludge 

 

 Figure 8-1. LRET-101 

 

Figure 8-2. LRET-102 



 

Figure 8-3. LRET-103 

 

Figure 8-4. LRET-104 



 

Figure 8-5. LRET-105 

 

Figure 8-6. LRET-107 



 

Figure 8-7. LRET-108 

 

Figure 8-8. LRET-110 



 

Figure 8-9. LRET-112 

 

Figure 8-10. LRET-117 



 

Figure 8-11. LRET-121 

  



9. Thermogravimetric with oxygen stream curves thermally dried sewage sludge 

 

Figure 9-1. LRET-101 

 

Figure 9-2. LRET-102 



 

Figure 9-3. LRET-103 

 

Figure 9-4. LRET-104 



 

Figure 9-5. LRET 105 

 

Figure 9-6. LRET 107 



 

Figure 9-7. LRET 108 

 

Figure 9-8. LRET 110 



 

Figure 9-9. LRET 112 

 

Figure 9-10. LRET 117 



 

Figure 9-11. LRET 121 

  



10. Differential scanning calorimetry curves thermally dried sewage sludge 

 

Figure 10-1. LRET 101 

 

Figure 10-2. LRET 102 



 

Figure 10-3. LRET 103 

 

Figure 10-4. LRET 104 



 

Figure 10-5. LRET 105 

 

Figure 10-6. LRET 107 



 

Figure 10-7. LRET 108 

 

Figure 10-8. LRET 110 



 

Figure 10-9. LRET 112 

 

Figure 10-10. LRET 117 



 

Figure 10-11. LRET 121 

  



11. Self-ignition temperature thermally dried sewage sludge (LRET-121) 

 

Figure 11-1. Self-ignition temperature test LRET-121 1500 cm3 120ºC 

 

Figure 11-2. Self-ignition temperature test LRET-121 1500 cm3 125ºC 



 

Figure 11-3. Self-ignition temperature test LRET-121 350 cm3 135ºC 

 

Figure 11-4. Self-ignition temperature test LRET-121 350 cm3 140ºC 



 

Figure 11-5. Self-ignition temperature test LRET-121 150 cm3 140ºC 

 

 

Figure 11-6. Self-ignition temperature test LRET-121 150 cm3 145ºC 



 

Figure 11-7. Self-ignition temperature test LRET-121 50 cm3 150ºC 

 

Figure 11-8. Self-ignition temperature test LRET-121 50 cm3 155ºC 

  



12. Elemental analysis of mixtures 

Sample C (%) H (%) N (%) S (%) O (%) (diff.) 

NFA-101 62.7 5.2 4.8 9.9 17.3 

NFA-102 57.9 6.4 5.4 7.9 22.4 

NFA-103 57.6 6.8 5.4 5.6 24.5 

NFA-104 60.6 4.8 3.6 8.1 22.9 

NFA-105 59.6 5.0 3.3 4.3 27.8 

NFA-106 57.3 5.0 2.0 1.8 33.9 

NFA-107 52.6 6.6 2.7 1.2 36.9 

NFA-108 53.7 6.8 1.9 0.5 37.1 

NFA-109 54.5 5.8 1.7 0.2 37.8 

NFA-110 57.2 5.9 1.8 4.0 31.1 

 

13. Proximate analysis mixtures 

Sample Moisture (%) Volatiles (%) Ashes (%) Fixed carbon (%) 

NFA-101 6.4 46.5 35.9 17.6 

NFA-102 5.9 46.5 39.5 14.0 

NFA-103 8.1 50.2 40.9 9.0 

NFA-104 4.7 50.3 26.7 23.0 

NFA-105 5.2 58.5 18.1 23.3 

NFA-106 6.0 71.4 9.9 18.7 

NFA-107 6.5 57.8 31.4 19.8 

NFA-108 7.1 64.6 20.9 14.6 

NFA-109 8.0 70.0 10.6 19.4 

NFA-110 6.1 56.2 26.5 17.2 
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� Flammability parameters of sludge are presented.
� Relationships between chemical and flammability properties of sludge are analyzed.
� Physical and chemical properties of sludge dusts affects their explosibility.
� Seasons and origins of sludge should lead to a differentiation among samples.
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a b s t r a c t

The treatment and disposal of sewage sludge is becoming an urgent need whereby different technologies
were developed and integrated into the waste cycle all over the world. One of the most used technologies
is the thermal drying of the sludge. Thermally dried sewage sludge has interesting properties that allow
its use as an alternative fuel, but also needs some consideration from the point of view of its safe
operation.

The aim of this study was the research on the flammability properties of sewage sludge, including igni-
tion sensitivity, explosion severity, thermal sensitivity and thermal stability. Furthermore relationships
among those properties and composition parameters have been determined, added to the study of their
variation depending on their origin or season. Finally, properties related to spontaneous combustion were
determined. To study these relationships and characteristics sludge samples were selected from different
locations in Spain and taken during different seasons.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Due to the arise of consumption and the need to preserve water
as an essential resource of life, there has been an increase of the
existing wastewater treatment plants (WWTP) in order to collect
the wastewater from a population or industry and, after a series
of treatments and processes, return it to a receiving stream [1,2].

Actually, many actions are being carried out focused on the
reuse of the waste produced by these WWTP [3]. One of the most
developed reusing methods is thermal drying. This is an attractive
alternative and it also provides the opportunity for an economical
resource recovery [4]. Actually, thermal drying of sewage sludge is
the most common method used in 2 countries of the 27 forming
the EU members, a common method on 12 countries and a rare
method in 1 country [5].

Most occupational hazards in wastewater treatment, including
methane production, are well known [6]. Focusing on the thermal
drying process, there is a general risk understudied that produces
serious consequences: the risk of generation of explosive atmo-
spheres (ATEX) caused by dusts and a possible consequent explo-
sion [7]. This risk is present in all the industrial plants, and may
be well studied to avoid accidents [8].

Dust generated in the thermal drying of sewage sludge is a fuel
product [9] and it can produce an explosion due to the chemical
reaction: fuel + oxygen = oxides + heat [10].

To design the prevention and protection measurements needed
in all the industrial plants a complex methodology is necessary to
take into account all the existing hazards [11]. Several researchers
have demonstrated that it is essential to characterize the sewage
sludge [12,13]. Characterization of new fuels, mainly biomass,
has experience an important advance through various researches
in recent years [14,15], trying to have a complete scenario of their
hazards likes the one nowadays existing for coal [16].
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First of all, it is necessary to take into account the chemical com-
position of the sewage sludge. This chemical composition varies
among different samples but it is always formed by organic matter,
inorganic matter and gases [17] and approximately 75% of sus-
pended solids and 40% of filterable solids are organic in nature
[18]. As an example of the influence of the chemical composition
in the explosibility of dusts, it is shown that the inorganic matter
of coal has a negative correlation with the self-heating rate [19].

Other relations that are observed in other substances are those
existing among different flammability parameters and the particle
size distribution and concentration [20,21], the humidity [22] and
the dustiness [23].

All these parameters depend on the sewage sludge studied, and
some seasonal and time variability of the composition differences
are shown in various studies [24,25].

The aim of this paper is to determine the relations among differ-
ent explosibility parameters and also among them and the chemi-
cal parameters to try to avoid these risks. Also the variability due to
seasonal and geographical parameters is studied. Finally, the self-
heating of sewage sludge is studied, since this product may be
stored for long periods and self-ignition temperature is an impor-
tant parameter [26].

2. Materials and methods

Twenty sewage sludge thermally dried samples have been stud-
ied. Those samples have been chosen in order to study seasonal
and regional variations, so the samples come from different places
and also from different seasons. The samples have been collected
in eight WWTP belonging to three regions in Spain: Barcelona,
Madrid and Málaga. According to the season when the samples
have been collected, they are classified in summer samples or win-
ter samples. If the samples have been collected between May and
September, they are classified as summer samples. Otherwise, they
have been classified as winter samples. The samples collected are
detailed in Table 1.

For all the samples, ultimate and proximate analyses have been
conducted and granulometry have been determined. Depending on
the results of these tests, ten samples have been selected to
develop the ignition sensibility, explosion severity and thermal
susceptibility analyses. Finally, due to these results the thermal
stability analyses have been done to three samples.

Among all these tests, some are standardized and well known
tests, such as ignition sensibility (flammability), explosion severity

(explosibility) or limiting oxygen concentration. Table 2 shows the
European Standards followed to determine them.

Thermal susceptibility analyses are less-known in terms of the
lack of standardized procedures. They consist of thermogravimet-
ric analysis (TG), differential scanning calorimetric analysis (DSC),
Maciejasz Index (MI), characteristic temperature (Tcharact) and vol-
atiles emission temperature (TEV).

Finally thermal stability can be explained in terms of the ten-
dency to self-heating. There are standard methods intended to
the classification of goods for transportation, according to the
ONU-N4 Division 4.2, or intended to the determination of the
self-ignition temperature (TSI), according to EN 15188.

2.1. Test procedures

In thermogravimetric analysis (TG) the weight of the sample is
measured as a function of its temperature when heated following a
programmed heating rate. Fig. 1 shows a typical TG plot, with the
derivative curve dTG superimposed, where some significant
parameters can be defined, such as the combustion induction tem-
perature (IT) and the maximum weight loss temperature (MLT).

In the case of Differential Scanning Calorimetry (DSC) the
sample is heated at a regular rate, previously established and a ref-
erence inert product is placed in another crucible. The difference in
temperature between the sample and the reference is measured
and recorded against the temperature of the oven and the
exchanges of heat in the sample are determined. Fig. 2 shows a
typical DSC record. The parameters used to characterize different
substances are the minimum temperature at which the exothermic
reaction begins (initial temperature, IET), the maximum tempera-
ture reached during the exothermic reaction (final temperature,
FET) and the temperature at which the fast exothermic reaction
commences (change of slope temperature, CST).

The characteristic temperature (Tcharact) [27] is determined by
thermogravimetric tests adding an oxygen stream. The oxygen
accelerates the oxidation process so that the sample suffers a
sudden loss of weight. This loss happens at a different characteris-
tic temperature for each sample, the lower the temperature, the
higher thermal susceptibility to oxidation. According to this
parameter samples can be classified by its self-ignition risk [28].

Maciejasz Index (MI) measures the required time (t) to produce
a temperature increase of 65 K in the sample, when it is attacked
by hydrogen peroxide. The Maciejasz index is calculated as
MI = 100/t. It determines the susceptibility to the self-combustion
due to the oxidation of some compounds in the substance that
show avidity to react with oxygen, for instance pyrites in coals.
This method is frequently used for coals, especially when their
sulfur content is high.

The ignition temperature of emitted volatile matter (TEV) can
be considered as a kind of flash point for solids. When a sample

Table 1
Collected samples.

Sample Origin Season d10 (lm) d50 (lm) d90 (lm)

LRET-101 Barcelona Summer 15.4 67.9 355.3
LRET-102 Barcelona Summer 111.9 339.5 815.8
LRET-103 Barcelona Winter 23.4 100.4 289.2
LRET-104 Madrid Summer 96.7 382.2 818.6
LRET-105 Madrid Summer 88.6 397.2 844.1
LRET-106 Madrid Summer 13.2 77.7 371.2
LRET-107 Madrid Winter 69.2 385.9 853.9
LRET-108 Madrid Winter 10.9 30.2 160.5
LRET-110 Madrid Winter 88.2 382.5 839.7
LRET-111 Madrid Winter 10.3 43.0 383.9
LRET-112 Málaga Winter 7.5 27.3 62.2
LRET-113 Málaga Winter 81.3 517.6 1150.7
LRET-114 Barcelona Summer 69.7 298.9 664.3
LRET-115 Barcelona Summer 152.3 492.5 1098.7
LRET-116 Barcelona Winter 52.3 531.6 1218.2
LRET-117 Barcelona Winter 34.1 74.4 348.3
LRET-118 Madrid Winter 7.4 20.6 178.9
LRET-119 Madrid Winter 110.3 214.4 653.5
LRET-120 Barcelona Winter 3.5 19.9 75.2
LRET-121 Madrid Summer 32.1 286.3 919.7

Table 2
Properties determined and European Standards followed to determine.

Property European
Standard

Elemental analysis (C, H, N) EN 15104
Ash content EN 14775
Volatiles content EN 15148
Humidity EN 14774
Minimum ignition temperature (layer: MITl, cloud:

MITc)
EN 50281-2-1

Lower explosion limit (LEL) EN 14034-3
Minimum ignition energy (MIE) EN 13821
Maximum explosion pressure (Pmax) EN 14034-1
Dust specific constant (Kmax) EN 14034-2
Limiting oxygen concentration (LOC) EN 14034-4
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is progressively heated it can decompose and release different
gases, some of them being flammable. When an ignition source is
applied to the volatile matter released from the sample, the
appearance of flames can be observed. It provides an interesting
safety issue for organic products that can release flammable com-
bustion products, making the product more hazardous.

Isothermal Oven Tests are useful to detect substances liable to
spontaneous combustion. Such substances are classified as Divi-
sion 4.2 according to the UN recommendations on the transport
of dangerous goods. The classification procedure should be under-
taken before a product is offered for transport. Tests are performed
to determine if substances in a 25 mm or 100 mm sample cube, at
test temperatures of 100 �C, 120 �C and 140 �C, undergo spontane-
ous ignition or dangerous self-heating, which is indicated by a 60 K
rise in temperature over the oven temperature within 24 h. These
criteria are based on the self-ignition temperature of charcoal,
which is 50 �C for a sample cube of 27 cubic meters.

Self-ignition temperature (TSI) is the temperature at which a
given volume of dust will ignite. The experimental basis for
describing the self-ignition behavior of a given dust is the determi-
nation of the self-ignition temperatures of differently-sized bulk
volumes of the dust by isothermal hot storage experiments (stor-
age at constant ambient temperatures) in commercially available
drying ovens. The results reflect the dependence of self-ignition
temperatures upon dust volume.

The self-ignition temperature may be extrapolated for different
volumes, so it represents a generalization of UN tests to any vol-
ume. Particularly SIT can be extrapolated to the volumes used in
UN tests.

2.2. Collecting data

A number of samples have been subjected to those test proce-
dures, measuring many parameters and obtaining a large number
of experimental data. Statistical analysis has been applied to these
data with a first aim of understanding the behavior of sludge,
where correlations between those parameters can provide useful
information. The second aim was to determine the similarity
between the samples collected based on two parameters: the loca-
tion where the samples were collected and the season when the
samples were collected.

This statistical analysis includes correlation analyses, discrimi-
nant analyses and principal component analysis. The study was
carried out in two distinct stages: first the chemical composition
was studied for a number of samples, selecting some of them for
the detailed tests carried out in the second stage. The first stage
included all twenty collected samples, whose chemical composi-
tion was determined. The second stage corresponded to the
selected ten samples whose flammability, explosibility and ther-
mal behavior were analyzed.

3. Results

Ultimate and proximate analyses on a dry basis were done to all
the twenty samples, as detailed in Table 3. Hydrogen, nitrogen and
sulfur content values have a low standard deviation, while varia-
tions obtained for carbon, ash content, moisture and volatile mat-
ter are higher.

According to the results of the previous analyses, ten samples
were selected in order to choose the largest range of values. Igni-
tion sensitivity, explosion severity and thermal stability analyses
were determined to those ten samples, and results are shown in
Tables 4–6. These results show a wide range of variation in almost
all the parameters studied. MITl values have a variation of 150 K,
consistent with the observed variation of MITc values, 190 K. The
other two parameters included in the ignition sensitivity group

Fig. 1. Thermogravimetric analysis plot.

Fig. 2. Differential scanning calorimetry record.

Table 3
Chemical analyses.

Sample Ultimate analysis (wt%) Proximate analysis (wt%)

C H N S Asha Moisture Volatilesa

LRET-101 37.43 4.91 3.01 0.61 32.20 6.10 62.30
LRET-102 28.48 3.56 2.96 0.84 48.10 2.70 52.50
LRET-103 33.72 4.94 5.00 1.63 43.90 11.10 59.90
LRET-104 34.72 4.70 4.46 1.24 44.80 4.80 54.40
LRET-105 35.76 4.74 4.52 1.31 45.00 6.50 53.50
LRET-106 33.83 4.52 4.75 1.61 45.00 7.80 52.90
LRET-107 31.90 4.77 5.01 1.21 41.70 5.60 55.40
LRET-108 29.57 4.45 4.70 1.31 46.10 7.10 54.60
LRET-110 31.73 4.69 4.89 1.14 41.80 4.40 57.80
LRET-111 30.23 4.50 4.83 1.49 44.30 6.20 54.20
LRET-112 36.13 5.19 4.51 4.90 37.10 5.70 62.30
LRET-113 34.72 4.96 5.13 2.24 38.10 3.00 60.40
LRET-114 35.28 4.96 4.11 2.18 40.40 3.90 57.60
LRET-115 32.28 4.67 4.65 1.96 40.00 14.10 56.60
LRET-116 44.81 6.69 5.36 1.30 20.20 5.80 73.90
LRET-117 38.30 6.33 3.72 1.08 38.50 2.40 57.40
LRET-118 34.80 6.45 5.20 1.39 36.40 9.80 60.20
LRET-119 31.90 5.63 4.27 0.89 45.40 1.30 51.50
LRET-120 38.20 6.53 4.67 1.44 34.50 3.60 58.40
LRET-121 33.40 6.24 4.37 1.23 41.70 6.20 57.00

a Dry basis.
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also have high variations, being of special interest that only three
of the ten studied samples have a MIE under 1000 mJ. Instead
explosion severity parameters have a lower range of variation,
and the Pmax of the samples do not vary substantially among the
studied samples. Finally, the values of the LOC show also a remark-
able range of variation, from 13% to 20%.

The parameters obtained from the thermogravimetry and the
differential scanning calorimetry provide a range of variation nar-
rower than chemical analyses, ignition sensitivity and explosion
severity. The temperatures obtained from these tests do not vary
in a range as wide as the ignition temperatures do, so the initial
heating process of all the samples studied can be considered as
quite similar. However, one of the most significant differences
among the samples studied is the variation of the MI values. Only
three samples produced a significant reaction, leading to a value
higher or equal to 10, and those samples are not the same as the
samples with MIE lower than 1000 mJ.

According to the data obtained for these ten samples, three of
them were selected due to their diversity and thermal stability
was studied for them. Two samples, LRET-102 and LRET-110, were

analyzed according to the Division 4.2 tests and TSI was deter-
mined for the third sample, LRET-121. The results for LRET-102
and LRET-110 showed that they were exempted of hazardous clas-
sification when transported in packages of less than 3 m3. Test
results for sample LRET-121 are shown in Table 7.

4. Discussion

4.1. Relations among parameters

To determine the relationships existing between chemical com-
position and explosibility parameters and also among the parame-
ters within these two groups, a correlation analysis was done. The
objective of this analysis was to determine the relations existing
and define the parameters that could be easily modified by preven-
tive measures and may cause a decrease on the explosion risk on
this kind of industrial plants. With this analysis it is possible to
see the similarity of the samples with other materials well-known
as coal and biomass, and design prevention and protection systems
based on those developed and widely experienced in other indus-
trial plants.

To carry out these analyses, two groups of parameters have
been analyzed. In the first group chemical and granulometry
parameters were analyzed for 20 samples (twenty-sample group).
In the second group, besides chemical composition and granulom-
etry, also ignition sensitivity, explosion severity and thermal
stability were studied for 10 samples (ten-sample group). From
the data obtained from the analyses developed at laboratory, a cor-
relation matrix has been determined in each case, and a Pearson’s
correlation analysis has been developed to each matrix, with a sig-
nificant coefficient of 0.05. Those correlations are studied in two
groups, firstly the relationships existing among chemical parame-
ters, and secondly between these parameters and flammability
parameters or inside this last group.

Table 4
Ignition sensitivity and explosion severity.

Sample Sensitivity Severity

MITl (�C) MITc (�C) LEL (g/cm3) MIE (mJ) Pmax (bar) Kmax (bar m/s) LOC (%)

LRET-101 260 460 60 67 7.0 124 13
LRET-102 360 480 500 >1000 5.0 77 20
LRET-103 300 480 60 >1000 6.1 125 15
LRET-104 370 440 500 >1000 5.5 108 13
LRET-105 370 420 125 >1000 5.7 98 14
LRET-107 390 510 30 >1000 6.3 178 14
LRET-110 390 510 125 >1000 6.4 145 13
LRET-112 240 320 60 170 6.4 157 16
LRET-117 340 420 60 220 6.1 161 16
LRET-121 320 460 125 >1000 6.1 161 19

Table 5
Thermogravimetry.

Thermogravimetry Characteristics

Sample TEV (�C) MI (s�1) MLT (�C) IT (�C) Tcharact (�C) Ea (kJ/mol)

LRET-101 380 0 295.0 225 70.7 309
LRET-102 340 29 288.0 240 72.0 281
LRET-103 310 0 262.0 230 67.8 262
LRET-104 360 10 256.0 240 68.5 266
LRET-105 330 3 260.5 227 69.0 264
LRET-107 320 0 259.8 226 53.3 277
LRET-110 320 0 260.0 228 69.0 267
LRET-112 260 0 253.0 203 66.6 203
LRET-117 330 7 253.0 221 66.1 224
LRET-121 310 25 253.0 230 66.8 218

Table 6
Differential scanning calorimetry.

Sample Differential scanning calorimetry

IET (�C) FET (�C) CST (�C)

LRET-101 77 296 212
LRET-102 114 345 194
LRET-103 89 305 219
LRET-104 118 317 193
LRET-105 114 304 210
LRET-107 120 303 206
LRET-110 135 299 218
LRET-112 117 288 182
LRET-117 160 387 209
LRET-121 153 319 209
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4.1.1. Chemical composition
Looking only to the chemical parameters determined in this

study, two main correlations groups have been observed.
The first group of parameters significantly correlated is formed

by four composition parameters: carbon, hydrogen, volatiles and
ashes content, as shown in Fig. 3. Added to the correlations, also
histograms of each one of the parameters are represented, being
the Y-axe the frequency of occurrence, the number of samples
whose values are included inside the range represented in the
X-axe. The correlations existing between carbon, hydrogen and
volatiles are positive, unlike that observed between ash content
and these three parameters. These correlations are due to the
chemical composition of the sewage sludge. The first three param-
eters represent the organic content of the samples, while the ash
content can be assimilated as the inorganic matter contained in
the samples. As the organic matter of the samples is higher, the
inorganic is lower.

The second group of significant correlations is observed
between the three studied particle size parameters and it means
that the tested samples have a high tendency to homogeneity as
necessary in this tests. These correlations are illustrated on Fig. 4
besides the histograms of each parameter.

4.1.2. Chemical composition and flammability
Volatiles and ashes contents have a main influence on the flam-

mability and explosibility of dusts. The main relations observed

Table 7
Self-ignition temperature of sample LRET-121.

Sample Volume Lower temperature leading to an ignition (�C) Higher temperature without ignition (�C) TSI (�C)

LRET-121 1500 cc 125 120 122.5
350 cc 140 135 137.5
150 cc 145 140 142.5

50 cc 155 150 152.5

Fig. 3. Relations between C, H, ash and volatile content (%).

Fig. 4. Relations between d10, d50 and d90 (lm).
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dealing these two parameters are those existing with MITl, MIE
and Pmax, as shown in Fig. 5. As can be seen by the visible
alignment formed by the data, the higher the volatiles content,
the easier is the flammability of the samples (lower ignition
temperatures and energies) and also higher explosibility (higher
explosion pressures). However, ash content has a negative influ-
ence on the flammability so that higher ignition temperatures
and higher ignition energies are required to ignite sludge samples
containing a higher inorganic fraction and the obtained explosion
pressure is lower.

The addition of inert dust to some combustible products is usu-
ally done to avoid the explosion, and this effect can be explained by
these correlations among ashes content and the different parame-
ters shown in Fig. 5. These correlations supply a method to
decrease the ignition risk of the sewage sludge incorporating into
the sample inert dust.

Hydrogen and sulfur showed a strong relation to the flammabil-
ity parameters and this can be explained by the oxidation tendency
of these components that are present in the sewage sludge.

Relationships were also observed between the decreasing parti-
cle size and an increase on the flammability of dusts and on the
explosion severity. These relationships are observed in these sam-
ples between the medium diameter (d50) and the MIE, MITl and IT
as shown on Fig. 6.

The relationship existing between particle size and MITl has a
double effect. In one hand, when the particle size is bigger, the
gaps between the particles full of oxygen are larger, so the igni-
tion easiness is higher. But in the other hand, the ignition is more

difficult because the air is less conductive than the own sub-
stance. In this case, the second effect is stronger than the first
one and by enlarging the particle size it is possible to increase
the MITl and the ignition of a dust layer is more difficult. The
same effect occurs with the IT, the higher the particle size, the
higher the IT so the combustion of the sample starts at higher
temperatures. Increasing the particle size and preventing the pro-
duction of dust of extremely small particle size is also in this case
a possibility to prevent the ignition risk in this kind of industrial
plants.

Correlations with MIE do not lead to a line like in the other
cases. Those are significant correlations because samples are
grouped in two groups, one for these samples with less than
1000 mJ of MIE and another with more. Generally, the group with
more than 1000 mJ has less volatile content, more ash content,
more MITl and less Pmax. These relations are expected, but more
samples are needed to ensure them.

In addition, looking at the relations existing among different
flammability parameters, it is also observed a significant correla-
tion among several temperatures studied. When a combustible
substance is heated by a heat source, it begins to oxidize, and as
the temperature increases it oxidizes more rapidly. At a certain
point, the heat generated by the oxidation is sufficient to maintain
the ignition without the aid of external sources. This point is the
self-ignition temperature. Therefore, the three temperatures
related to this ignition point (MITl, MITc and TEV) vary in the same
direction as IT. Correlations related with MIE are similar as in the
previous case, forming two groups of samples.

Fig. 5. Relations between volatile and ash content (%) and MITl (�C), MIE (mJ) and Pmax (bar).
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Other relations among temperatures are those more related
with the volatiles content of the sample. It was found that the
higher the volatiles content the more easily it ignites. Because of
it, when the Tcharact increases, also other temperatures associated
with those volatiles (MITc, TDM and TEV) increase, due to the
Tcharact represents the temperature at which a quick combustion
occurs. The exothermic reaction starts at lower temperatures as
the reactivity of the substances increases (lower TDM) and the
ignition of a dust cloud is easier (lower MITc). And in substances
in which the quick exothermic reaction starts at low temperatures
(lower TCP), the ignition of a cloud of sample is also easier.

Furthermore a relation was observed between ignition sensitiv-
ity and explosion severity, so that samples which need less dust
concentration to ignite are those that produce the highest explo-
sion pressures.

Finally, looking at the self-ignition risk of the sewage sludge, it
was observed that when this risk is higher, the explosion severity is
also higher.

4.2. Influence of the origin and the season

A discriminant analysis has been developed based on two
different factors: the origin of the samples and the season when
they were collected. This analysis was applied to the two groups
of data previously described: chemical analysis (twenty-sample
group) and flammability data (ten-sample group). In the second
analysis, due to the linearity existing among the parameters of
these ten samples, a principal component analysis (PCA) was
developed.

In both groups, the discriminant analyses according to the
origin of the sample showed that the 100% of the samples are
correctly classified. In the first group, no significant discriminant

function is observed. However, in the second group a significant
discriminant function is determined, and the moisture of the
sample is the main parameter that causes the classification, fol-
lowed by its sulfur content.

The analysis according to the season shows that 95% of the sam-
ples included on the twenty-sample group and 90% on the ten-
sample group are classified in the right group and only one of
the samples is incorrectly classified in each case. In the first analy-
sis realized to the twenty-sample data, one significant discriminant
function has been determined. In this function, the parameters
with more weight are the volatiles content and the carbon content.
No significant discriminant function is observed in this case in the
analysis done to the twenty-sample data.

5. Conclusions

The relations observed between the composition parameters
depend on many factors, but they are not due to the drying process
of the sewage sludge, otherwise they depend on the wastes treated
and on the process followed in the wastewater treatment plant
before the drying process.

The composition parameters that mainly affect to the explosi-
bility of these dusts are chemical composition (volatiles and ashes)
and particle size. These influences were expected since they were
observed for many different materials in other studies, such as coal
and biomass. These relations showed that in thermally drying sew-
age sludge plants it is possible to decrease the explosion risks or its
effects applying similar actions as in coal and biomass treatment
plants. For example, it is shown that the ashes content makes the
sample less dangerous in terms of ignition, while the opposite
occurs with the volatiles content, so it is possible to decrease the
risk by increasing the inert part of the dust.

Fig. 6. Relations between medium diameter (lm) and MITl (�C), MIE (mJ) and IT (�C).
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Relations between the different measured temperatures
showed the high dependency existing between different groups
of parameters, and how the ignition, self-ignition and reactivity
of the samples are related. It was also observed that the tempera-
tures related with these actions vary together showing the same
tendency. These relations show that by decreasing the risk of one
of the parameters it is possible to decrease also others. For exam-
ple, by increasing the particle size it is possible to heighten MIE,
MITl and TIC because of the direct correlations observed, but also
MITc, TEV, Tcharact and TDM will increase.

By the comparison of the discriminant analysis depending on
the origin and on the sampling season, it is shown that the discrim-
ination due to the origin is more accurate than the one due to the
season. This shows that the sewage sludge ignition depends more
of the origin of the sample than of the season. Even so, the percent-
age of correctly classified samples in order to the season is quite
high, so the season is also an important parameter to classify the
ignition tendency of sewage sludge. Also it is shown that the
parameter that causes the differentiation of the samples according
to their origin is the moisture of the samples, so this parameter
varies greatly depending on the origin of the sample. And looking
at the season when samples were collected, volatiles and carbon
contents are the main reason for differentiating samples, which
shows that the organic composition of the samples varies accord-
ing to the season.
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a b s t r a c t

The general purpose of this research was the determination of self-ignition tendency of thermally dried
sewage sludge. Eight Spanish plants located in Madrid, Barcelona and M�alaga were selected to develop
this study and ten samples were collected. Three different testing methodologies for studying the self-
ignition of dusts have been undertaken. Thermogravimetric techniques, self-ignition temperature ana-
lyses and UN Division 4.2 tests were developed. The results of these analyses showed the risk of self-
ignition during storage and transportation of these substances.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The volume of wastewater produced worldwide has increased
dramatically due to the large global population growth and
industrialization (Eurostat, 2013). Dried sewage sludge is a product
of high interest in the near future due to the different potential
uses, including its use as a fuel (Fodor and Klemes, 2012; Rulkens,
2008). However, some cautions must be considered since dusts
show high risk of self-ignition (García-Torrent et al., 2012), and
produce explosive atmospheres as a dusteair mixture (Proust,
2006).

In 2006 the explosion of the sewage treatment plant in Bes�os,
Barcelona, killed aworker and seriously injured two others (Europa
Press, 2006). In this plant, sludge from purification of wastewater is
subjected to a dehydration treatment using centrifuges and sub-
sequent drying and pelletization. Cause of explosion in sludge dryer
still unknown.

In the particular case of the wastewater treatment there are
present risks of explosive atmospheres in different phases of the

process due to the digestion gases generated in the treatment of
wastewater that can form explosive gas-air mixtures. The dry
sludge solids can also generate explosive dust clouds.

Chemical properties of sewage sludge are related to ignition
parameters and the ignition risk may be reduced by means of
preventive measures (Nifuku et al., 2005). It is well known that the
main influential parameter on ignition risk is the particle size: the
smaller the particle size, the greater ignition hazard (Eckhoff,
2009).

During the process of thermal drying, sewage sludge humidity
sharply diminishes below 10% or even less, so that storage of sludge
is facilitated for long periods. However, the drier the product, the
larger quantities of fines are produced and the ignition risks asso-
ciated to the powdered products generated in the process greatly
increase (Rulkens, 2008; Zerlottin et al., 2013).

Flammability and explosibility properties of sewage sludge
samples from different origins in Spain collected at different sea-
sons were determined by measuring ignition and explosion pa-
rameters: Minimum ignition temperature with the dust forming a
cloud (MITc) or deposited in a layer (MITl), Lower explosive limit
(LEL), Minimum ignition energy (MIE), Maximum explosion pres-
sure (Pmax), Characteristic constant (Kmax), Limiting oxygen
concentration (LOC) (Fernandez-Anez et al., 2014)* Corresponding author.
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Self-heating and self-ignition risks associated with dusts have
been evaluated for agricultural materials by Ramírez et al. (2009),
due to the importance of the characterization of those materials to
avoid these risks. Several experimental techniques can be used to
characterize the thermal behaviour of materials, taking into ac-
count that the thermal behaviour of sewage sludge presents several
differences with other well-studied materials as coal, as the weight
loss during sludge combustion takes place not in one step as for
coal but in two (Otero et al., 2002). Due to this differences several
studies were conducted showing that due to the devolatilization of
sewage sludge, in the co-combustion of coal and sewage sludge, the
activation energy may decrease with the addition of sewage sludge
(Folgueras et al., 2003). Furthermore, the devolatilization of ma-
terials depends on several parameters, being the main one the
presence of hydrogen inside the structure of the samples (Arenillas
et al., 2003).

These relations and the variability of these parameters on
sewage sludge have been studied. In addition, the risk of self-
ignition during the transport of sewage sludge has been also
studied following the procedure for classification of dangerous
goods for transportation developed by the United Nations (United
Nations, 2009).

2. Experimental methodology

Ten samples have been collected in eight wastewater treatment
plants from three regions in Spain: Catalonia, Madrid and M�alaga,
The origin of the samples collected, together with their moisture
contents and average particle sizes are detailed on Table 1.

The chemical composition is detailed on Table 2. Carbon (C),
hydrogen (H) and nitrogen (N) were measured as percentages
following EN 15104:2011 standard and sulphur (S) content was
determined following the A method of ASTM D4239 standard.
Oxygen content (O) was determined as the complementary part of
these values, taking into account that the sum of these five ele-
ments has to represent one hundred percent.

As stated, dried sewage sludge con produce explosive atmo-
spheres and give rise to fires and explosions. Among possible
ignition sources are exothermic reactions, including self-ignition of
dusts. A number of experimental techniques can be used to char-
acterize the thermal susceptibility of bulk solids and their thermal
stability.

2.1. Thermal susceptibility

Thermal susceptibility is the term used to group the diverse
parameters that allow the study of the thermal behaviour of solids
and to determine their spontaneous combustion tendency (Querol
Arag�on et al., 2000). Parameters included in this group are:
Maciejasz Index (MI) as a measure of reactivity and avidity for

oxygen when sample is attacked with oxygen peroxide, Tempera-
ture of emission of flammable volatiles (TEV) as a sort of flash point
for solids, Thermogravimetry test (TG), Differential Scanning
Calorimetry (DSC), Activation energy (Ea) and Characteristic
oxidation temperature (Tcharact.). The meaning and the experi-
mental procedures for these parameters are described in detail by
Ramírez et al. (2009). The DSC analysis allows determining the
characteristics of the combustion reaction of solid fuels as shown in
Fig. 1.

Three characteristic parameters are obtained with this analysis,
the Initial Exothermic Temperature (IET), the Final Exothermic
Temperature (FET) that is the starting point and the end of the
combustion reaction and the Change of Slope Temperature (CST),
representing the temperature at which the slow combustion
changes to a quick combustion. Before the IET, dehydration of the
sample takes place. Afterwards, combustion starts as a slow reac-
tion between IET and CST and quicker until FET.

Through conventional thermogravimetry test, another param-
eter can be determined in order to better define the thermal sus-
ceptibility of dusts: their apparent activation energy (Ea). The Ea of
the sample is calculated at the point of maximum weight loss by
means of a simple mathematical model applied to a set of points
around that of maximumweight loss in a suitable representation of
the recorded test points. The activation energy is related to the rate
of weight loss, leading to the estimate of an “apparent activation
energy” from the slope of least-squares line fitted to the selected
test data. Thermodynamic and mathematical basis of Cumming's
equation, based on first order reaction characteristic equations,
simplifies and provides the estimate and use of this activation en-
ergy, turning it into a typical parameter of the sample representing
the easiness for the reaction to take place.

Additionally, thermogravimetric technique is also applied to the
study of self-ignition susceptibility by modifying test conditions
when an oxygen stream is introduced. As a consequence of this
oxidant contribution, sample behaviour can be very different dur-
ing testing and a step or sudden loss of weight is observed, asso-
ciated to a rapid combustion and produced at a characteristic
temperature in every substance. Thus, from this unique value of the
“characteristic temperature” powdered substances can be easily
classified.

2.2. Classification of substances liable to spontaneous combustion

Transportation or storage of large quantities of products
showing thermal susceptibility can lead to self-ignition. The clas-
sification of substances liable to spontaneous combustion accord-
ing to the recommendations on the transport of dangerous goods
comes from ONU N2þN4 tests (United Nations, 2009), so that
substances classified as Division 4.2 are considered as liable to
undergo dangerous self-heating processes. The classification

Table 1
Collected samples.

Sample Origin Apparent moisture (%) d50 (mm)

SEW-1 Barcelona 7.3 67.9
SEW-2 Barcelona 7.0 339.5
SEW-3 Barcelona 12.1 100.4
SEW-4 Madrid 6.2 382.2
SEW-5 Madrid 6.5 397.2
SEW-6 Madrid 7.2 385.9
SEW-7 Madrid 6.2 382.5
SEW-8 Malaga 6.9 27.3
SEW-9 Barcelona 4.1 74.4
SEW-10 Madrid 8.3 286.3

Table 2
Chemical composition.

Sample C (%) H (%) N (%) S (%) O (%)

SEW-1 37.43 4.91 3.01 0.61 21.84
SEW-2 28.48 3.56 2.96 0.84 16.06
SEW-3 33.72 4.94 5.00 1.63 10.81
SEW-4 34.72 4.70 4.46 1.24 10.08
SEW-5 35.76 4.74 4.52 1.31 8.67
SEW-6 31.90 4.77 5.01 1.21 15.41
SEW-7 31.73 4.69 4.89 1.14 15.75
SEW-8 36.13 5.19 4.51 4.90 12.17
SEW-9 38.30 6.33 3.72 1.08 12.07
SEW-10 33.40 6.24 4.37 1.23 13.06
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criterion is based on the self-ignition temperature of charcoal,
which is 50 �C for a sample cube of 27 m3.

To determine if the material is susceptible to self-heating, a
cubic sample container of 100 mm side is introduced in an oven at
140�C and held for 24 h, recording the sample temperature. If no
ignition is observed and the temperature does not exceed 200 �C,
the material is not classified in Class 4.2. If there is ignition or the
temperature exceeds 200�C, the test is repeatedwith a sample cube
of 25 mm side. If there is ignition or exceeds 200 �C, is assigned a
packing group II of Division 4.2. If there is no ignition, the test is
repeated using the cubic cell of 100 mm side within the oven set to
120�C. If no ignition is observed, the material is considered exempt
if shipped in packages of less than 3m3. If there is ignition the test is
repeated with the cell 100 mm side with oven at 100 �C. If there is
no ignition, it is considered exempt if shipped in packages of less
than 450 L. If there is ignition a packing group III of Division 4.2 is
assigned.

2.3. Thermal stability

The thermal stability of a material is based on the determination
of self-ignition temperatures in samples of different volumes in an
isothermal oven that reproduces environmental temperatures.
Self-Ignition Temperature (SIT) is the temperature at which a given
volume of dust will ignite. Plotting volume/sources ratios against
the reciprocal of the temperature, it is possible to characterise the
self-ignition behaviour of dust deposits and piles. The results reflect
the dependence of self-ignition temperatures upon dust volume.

Tests are carried out using four different volumes of sample,
ranging from 50 cm3 to 1500 cm3 and subjecting the samples to
increasing oven temperatures, both the lower temperature leading
to an ignition and the higher temperature without ignition can be
determined, so that the self-ignition temperature can be defined as
the medium value among those temperatures.

3. Results and discussion

3.1. Thermal susceptibility

3.1.1. Differential scanning calorimetry
Values of the characteristics parameters for the ten studied

samples are shown in Table 3.

3.1.2. Activation energy (Ea) and oxidation temperature (Tcharact)
Table 4 shows the obtained values for the determination of the

thermal susceptibility of sludge.
The determined activation energies and characteristic temper-

atures of oxidation in oxygen flow are plotted in Fig. 2 as an
experimental comparative graph. This kind of graphs was previ-
ously used for other materials, such as agricultural products and
also different types of coals (García Torrent et al., 2002), allowing
the definition of four regions depending on the ease of the oxida-
tion process.

Cut-off values defining the different regions in this plot were
taken considering the clustering observed in various typical sam-
ples previously studied, including different rank coals.

As can be seen, one sample is placed in themedium risk zone, six
samples in the high risk zone and three samples in the very high risk
zone.

Fig. 1. DSC plot.

Table 3
DSC results.

Sample IET (�C) FET (�C) CST (�C)

SEW-1 76.5 296 212
SEW-2 114 345 194
SEW-3 89 305 219
SEW-4 118 317 193
SEW-5 114 304 210
SEW-6 120 303 206
SEW-7 135 299 218
SEW-8 117 288 182
SEW-9 160 387 209
SEW-10 153 319 209
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As shown in the analysis, the Ea did not vary in great degree for
these, unlike for coals. Coals from different ranges are located in
different regions of self-ignition risk, but all the thermally dried
sewage sludge and biomass present an activation energy of less
than 79 kJ/mol. This situation is also observed for biomasses, which
cannot be classify according to their Ea but for their Tcharact. The Ea
lower values of biomasses and sewage sludge do not mean a lower
risk, but this risk might be determined through Tcharact.

By doing a correlation analysis it is shown that Tcharact has
significant correlation with H, S and TEV. A discriminant analysis
has also developed, and it was observed that 100% of the samples
are well classified. Two significant equations are determined where
H, N and S are the main parameters causing the differentiation of
the samples.

The three samples that are located in the Very high risk, SEW-8,
SEW-9 and SEW-10, area are those that have lower difference be-
tween IET and CST in the DSC analysis, and the one that is in the
Medium risk area is the onewith the highest range. This means that
the first stage of the self-heating process, consisting of the initial
exothermic reaction (slow oxidation) is shorter for samples SEW-8,
SEW-9 and SEW-10 than for the other samples. The second stage of
the self-heating process that takes place when CST is reached
(quick oxidation) starts very near to the initial point of the
exothermic reaction.

The three samples that are located inside the very high risk zone
are those three with hydrogen contents over 5% and whose slow
combustion reaction is shorter. This location proved that the
hydrogen concentration of sewage sludge produces the same effect
as the release of volatiles during devolatilisation previously
observed in other organic materials, such as different types of coals.
For different rank coals, a higher spontaneous combustion risk is
observed for low rank coals when volatile contents are higher, as it
is the case of subbituminous coals.

This relation is not observed in the other direction for sewage
sludge, since the sample that is located in the medium risk (SEW-1)
is not the sample with less hydrogen content. This suggests that the
hydrogen content is not the only parameter causing this differen-
tiation and it is proved thanks to the discriminant analysis devel-
oped. This analysis shows the importance of nitrogen and sulphur

Table 4
Evaluation of thermal susceptibility.

Sample Temperature
of flammable
volatiles
TEV

Maciejasz
Index
MI

Activation
energy
Ea

Characteristic
oxidation
temperature
Tcharact

SEW-1 380 0 70.7 309
SEW-2 340 29 72.0 281
SEW-3 310 0 67.8 262
SEW-4 360 10 68.5 266
SEW-5 330 3 69.0 264
SEW-6 320 0 53.3 277
SEW-7 320 0 69.0 267
SEW-8 260 0 66.6 203
SEW-9 330 8 66.1 224
SEW-10 310 25 66.8 218

Fig. 2. Spontaneous combustion tendency of sewage sludge.

Table 5
ONU N.4. Division 4.2.test.

Sample Self-heating
in a 100 mm
cube at
140 �C

Self-heating
in a 25 mm
cube at
140 �C

Self-heating
in a 100 mm
cube at
120 �C

Self-heating
in a 100 mm
cube at
120 �C

Classification

SEW-2 Yes No No e Exempted if
transported in
packages �3 m3

SEW-7 Yes No No e Exempted if
transported in
packages �3 m3

Table 6
Self-ignition temperature test.

Sample
volume
(cm3)

Lower temperature
leading to ignition (�C)

Higher temperature
without ignition (�C)

Self-ignition
temperature (SIT)
(�C)

1500 125 120 122.5
350 140 135 137.5
150 145 140 142.5
50 155 150 152:5
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content of the samples. It is shown that SEW-1 is the sample with
the lowest sulphur content and the highest value of Tcharact, while
with SEW-8 the opposite occurs.

3.2. Transport classification

Table 5 shows the results obtained for two samples, which were
selected by their different origin, one from Madrid and the other
from Barcelona. As can be seen, both samples are identically
classified.

3.3. Thermal stability

A more detailed testing has been done for sample SEW-10 in
order to determine its self-ignition temperature. Using four
different volumes of sample, ranging from 50 cm3 to 1500 cm3 and
subjecting the samples to increasing oven temperatures, both the
lower temperature leading to an ignition and the higher tempera-
ture without ignition can be determined, so that the self-ignition
temperature can be defined as the medium value among those
temperatures.

Table 6 shows the results of the thermal stability tests.
Figs. 3 and 4 represent the size of the sample versus the inverse

Fig. 3. Extrapolation of SIT. Temperature [1/T] versus size [Log (V/A)].

Fig. 4. Extrapolation of SIT. Time [log (t)] versus size [Log (V/A)].
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of temperature and versus time. Extrapolating these results it can
be deduced that a volume of 1 m3 will reach self-ignition at 76 �C
after 4.4 months; for 10 m3, the temperature would drop to 62 �C,
but the required time would increase to 3 years.

These results were also extrapolated to determine the classifi-
cation of SEW-10 according to ONU N.4 Division 4.2 and results
show that this sample is also exempted of classification if it is
transported in packages of less than 3 cubic meters.

Transport classification tests of the two samples tested and the
interpolation of results for the third one show that there is no
distinction between samples from different origins and that
belonging to different spontaneous combustion risk zone. These
results indicate that transport classification tests produce a broad
grouping of samples, which is a reasonable finding for samples that
have some similarities in their composition. More samples should
be further studied to verify this behaviour and provide a general
rule about safe transportation of dried sewage sludge. Nevertheless,
a more precise distinction among samples has been obtained by the
evaluation of susceptibility procedure (Ea, Tcharact) as shown in
Fig. 2.

4. Conclusions

Dried sewage sludge are flammable products that present a self-
ignition risk. Those samples having a shorter initial exothermic
reaction, characterized by a lower difference among IET and CST
values produce a higher self-ignition tendency. The content in H is
positively correlated to this behaviour.

The procedure to evaluate thermal susceptibility based on the
activation energy and the characteristic oxidation temperature
provides a more detailed analysis of samples than the transport
classification tests alone.

The knowledge of ignition properties of sewage sludge will
improve the design of prevention and protection measures to
decrease the hazards associated with the management, transport
and storage of sewage sludge. Chemical composition of sludge has a
great influence on their spontaneous combustion properties, so a
good study of these parameters may provide a guide to design
these measures. As a general rule, prevention measures similar to
those extensively used for coals would be applicable to sludge.

Some parameters can be controlled during normal operation of
plants. It is recommended to avoid the accumulation of large
amounts of dust in industrial facilities, since they can promote the
initiation of self-heating processes and also they mean always an
increase in the risk of dust explosions. This goal can be also ob-
tained by adding certain percentages of inert materials.

A continuous monitoring of temperatures, or even better, of CO
emissions from dust accumulations will allow the early detection of
self-heating processes, providing more time for the protective
measures to act properly.
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a b s t r a c t

The aim of this study is to propose an experimental methodology to detect incipient self-ignition pro-
cesses in solid fuels. This methodology is based on the gases emissions of different solid fuels, varying the
degree of compaction and the grain size of the materials. To achieve this goal, a procedure for the
collection and analysis of the gases emitted by samples of various fuels has been developed, analysing
the temperatures at which these emissions begin. The results obtained for different materials show that
it is possible to detect incipient spontaneous combustion processes using measurements of CO and CO2

emissions during heating process, and then to set alarm thresholds based on the concentrations of these
gases. Those results have been compared with results from conventional thermogravimetry and differ-
ential scanning calorimetry tests and it is shown that the proposed methodology detect the self-ignition
process start point in advance.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Currently over 80% of the energy source used in theworld comes
from the combustion of fossil fuels (International Energy Agency,
2013). Historically, coal is the fossil fuel most used to produce en-
ergy and nowadays it is still one of the most used fuels all over the
world, with a total world consumption of 8,123,601 thousand tons
in 2011 (U.S. Energy Information Administration). Thus, coal stor-
age is a common practice and the associated hazards, its harmful
effects to the environment and human health (Fabiano et al., 2013)
and its self-ignition and spontaneous combustion risks are
commonly studied (Sipil€a et al., 2012). But coal production is gently
being reduced (World coal association, 2013) and replaced by other
products, such as biomass.

The United Nations Framework Convention on Climate Change
((UNFCCC)) defines biomass as the “non-fossilized and biodegrad-
able organic material originating from plants, animals and micro-
organisms. This shall also include products, by-products, residues

and waste from agriculture, forestry and related industries as well
as the non-fossilized and biodegradable organic fractions of in-
dustrial and municipal wastes. Biomass also includes gases and
liquids recovered from the decomposition of non-fossilized and
biodegradable organic material”. One of the most used biomass is
the one derived fromwood, as pellets or chips, but new biomasses
from waste are being developed also nowadays (Kothari et al.,
2010).

Benefits of substituting coal by biomass are well studied and
known (Heller et al., 2004), but other options, as using trees for
carbon sequestration, are also possible to achieve the objectives
(Baral and Guha, 2004). Existing beliefs about the no-gas emissions
of biomass are not exactly true (Wibe, 2012) (Kallio et al., 2013), and
the use of biomass generate several hazards. Two of the main
hazards of this kind of substances are highly related. Those are the
gas emissions associated to the heating and oxidation of the
biomass (Goode and Yokelson, 1999) (Hegg et al., 1990), and the
heating and oxidation their selves, which are the cause of the self-
ignition of these storages (García-Torrent et al., 2012) (Veznikova
et al., 2014).

Thermogravimetric and differential scanning calorimetric ana-
lyses are useful tools for a first and fast assessment of the* Corresponding author.
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combustion properties of fuels (Magdziarz and Wilk, 2013)
(Montenegro Mateos et al., 2013) and they are also used to initially
evaluate the behaviour of the combustion on larger scale. But these
techniques have a main disadvantage that is the difficulty of testing
different parameters of the samples and different operating con-
ditions, such as particle porosity, gas velocity magnitude and di-
rection or oxygen concentration, that condition the smouldering
and flaming combustion of the samples (Aldushin et al., 2006)
(Bakhman et al., 2002).

A number of studies has been developed to determine the main
parameters obtained from thermogravimetric and differential
scanning calorimetric analyses, but this is not the only way to
predict the combustion properties of materials (Everard et al.,
2014). The combustion process of a sample starts even before the
point at which is determined by these analyses, and the first indi-
cator of this combustion is the gas emissions associated.

Adding this conviction with the necessity of studying several
different parameters, a new test for the detection of the incipient
self-ignition process in solid fuels has been developed and tested
with coal and biomass samples (Fernandez-Anez et al., 2014)
(Laboratorio Oficial Madariaga (LOM), 2013).

2. Experiments

2.1. Gas emissions tests

The equipment used to carry out these experiments is detailed
below (Fig. 1):

� 10 L sealed cylindrical container.
� Isothermal oven P-Selecta.
� Type K thermocouple.
� Digital temperature display Testo 925.
� 1 L Tedlar sampling bags SigmaeAldrich.
� Gas analyser Rosemount Analytical NGA-2000.

The sample is introduced inside a 1000 cm3 cubical wired basket
according to different arrangements (compacted and non-
compacted) and this basket is introduced inside the sealed
container. The container is closed and connected with the tem-
perature display through a K-thermocouple that is placed inside the
sample, approximately at its centre. Before introducing the
container, the oven is preheated at the tested temperature.

The sealed container is situated inside the oven to carry out the
sample heating. The container has a narrow fitting 3 mm diameter
on top where it connects to a plastic tube closed with a Mohr
wrench.

Once the desired temperature inside the sample is reached, the
plastic tube is connected with the sampling bags by opening the
Mohr wrench and they are filled with the gas driven by a suction
pump. Due to the small volume of the samples tested, temperature
quickly stabilizes and it is considered constant during the sampling
time. When the bags are full, they are disconnected from the plastic
tub and connected to the analysers. Gases emitted during com-
bustion are measured, starting at the connection between bag and
analyser, until gas emission is zero.

The gas analyser Rosemount Analytical NGA-2000 measured
emission data of CO and CO2. Also some H2O has been observed to
condensate inside the tube, but it is not measured because it is not
significant for the present research.

To determine the point at which emissions started, the relative
percentage of emissions have been determined for each 20 K e

interval. These relative percentages have been calculated according
to the following procedure.

First of all, relative differences (RD) for each 20 Ke interval have
been calculated as shown in Equation (1).

RD ¼ eT2 � eT1
eT1

(1)

Where eT1 means the emissions at the lowest temperature of the
interval and eT2 are the emissions at the highest temperature of the
interval.

After that, relative percentages (RP) are determined by Equation
(2) as the division between the relative difference of the interval
and the sum of all the relative differences of the experiment,
multiplied by 100.

RP ¼ RD
S RDi

$ 100 (2)

2.2. Thermogravimetry and differential scanning calorimetry
analyses

In Thermogravimetric analysis (TG) the weight loss of a sample
is measured when the sample is heated at a constant rate in air as

Fig. 1. Equipment for gas emissions test.

Table 1
Moisture and granulometry of studied samples.

Sample Moisture (%) d10 (mm) d50 (mm) d90 (mm)

Wood chips (fine) 6.9 43 153 379
Wood chips (coarse) 7.2 115 600 1150
Sewage sludge 7.2 290 638 1210
Coal 4.0 8 46 166
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well as the derivation of the weight by time. Test begins at 30 �C
and ends at 800 �C using a heating rate of 5 K/min and remaining at
the final temperature for 10 min. The resultant graph (weight vs
temperature) gives information about the reactions occurred.
Normally, it has three phases: loss of humidity, oxygen adsorption
and combustion. Using this graph, two characteristics parameters
are determined: the combustion induction temperature (IT), that is
the temperature at the beginning of the combustion profiles; and
the maximum weight loss temperature (MLT) that represents the
volatile matter yield by the pyrolysis process. The MLT is used as an
index of reactivity of the sample. The higher this temperature, the
lower reactivity of the sample (Montenegro Mateos et al., 2013).

In the Differential Scanning Calorimetric analysis (DSC) the
sample is placed in a crucible and heated from 30 �C to 550 �C at a
constant rate of 20 K/min. The difference in temperature between
the sample and one of reference is measured and recorded against
the temperature of the oven and the exchanges of heat in the
sample are determined. Heat fluxes are characterized and exo and
endothermic processes are determined. The parameters used to
characterize different substances are: minimum temperature at
which the exothermic reaction begins (initial temperature, IET),

maximum temperature reached during the exothermic reaction
(final temperature, FET) and temperature at which the fast
exothermic reaction commences (change of slope temperature,
CST) (Montenegro Mateos et al., 2013).

Those analyses have been done using a TG-DSC Mettler Toledo
TG-50 apparatus.

2.3. Samples

Three samples have been tested, pinus silvestris wood chips
from Sweden, thermally dried sewage sludge from Madrid (Spain)
and British coal. Theweight of the samples testedwas 50 g in all the
tests. Temperatures studied were between 20 �C and 200 �C,
measurements being taken every 20 K.

Wood chips of two different sizes were analysed, one below
180 mm and another one below 3.2 mm.

Both sewage sludge and coal were received as small particle size
samples, so they were studied as received in two arrangements,
compacted and no compacted. Compaction is done by placing a
10 kg weight on the sample surface. Moisture and particle size of
the studied samples are shown in Table 1.

Fig. 2. CO emissions from wood chips.

Fig. 3. CO2 emissions from wood chips.
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3. Results

3.1. Gas emissions test

Three different solid fuels have been selected with the objective
of a high diversity. Gas emissions for wood chips, sewage sludge
and coal samples have been determined in the temperature range
between 20 �C and 200 �C, with measurements each 20 K.

Wood chips have been studied with two different gran-
ulometries, and results of CO and CO2 emissions are shown in
Figs. 2 and 3.

It is observed that the rise of the temperature produces an in-
crease on the gas emissions. Looking at the particle size, in the mid-
range temperature, gas emissions for the small one are higher than
for the big one, but the starting point of the emissions seems to be
similar.

With these data, it is considered that the emissions start at the
interval where relative percentage is higher than 10%. So as shown
in Table 2, in this case CO emissions start in the 60e80 �C interval.

Doing the same calculation for CO and CO2 and each gran-
ulometry, it is observed that the first gas emitted is CO at the in-
terval of 60e80 �C for both granulometries. Secondly, CO2 is
emitted at 100e120 �C for both granulometries.

Thermally dried sewage sludge and coal samples have been
studied according to two arrangements, compacted and no
compacted.

Gases emissions of thermally dried sewage sludge show a small
difference between compacted and no compacted samples. CO2
emissions start before than CO in this case, and the interval of start
point according to CO2 is 60e80 �C while for CO is 80e100 �C (see
Figs. 4 and 5).

Looking at the results of coal, showed on Figs. 6 and 7, a sig-
nificant rise of emissions due to the compaction is observed.
Compacted sample emits a higher amount of gases than no-
compacted at high temperatures, but the starting point of both
samples is located in the range of 80e100 �C according to CO
emissions. Looking at CO2 emissions, this point is located on the
100e120 �C.

Compaction affects differently to the samples depending both
on the particle size and themoisture of the sample. The lower these
parameters, the more efficient the compaction is, so the more
different are the results between compacted and no-compacted
samples.

3.2. Thermogravimetric and differential scanning calorimetric
analyses

Thermogravimetric (TG) and differential scanning calorimetric
(DSC) analyses have been also done. Fig. 8 presents thermogravi-
metric plot for wood chips sample (blue-coloured), with the over-
lapping derivative curve (red-coloured). This sample has two stages
of loss of weight instead of one like coal sample. As can be seen, the
sample undergoes a first loss of weight process that has the
maximum value at 312 �C (MLT). At 450 �C a second peak of the
derivative is recorded, probably due to a later stage of the reaction.

Fig. 9 shows the calorimetric curve of the sample. Descending
lines correspond to endothermic processes and ascending lines to
exothermic processes. The first descending peak represents mois-
ture loss of the sample while the ascending one represents its
oxidation. Wood chips sample begins the exothermic process at
82 �C (IET), accelerating from 205 �C (CST), showing a clear
exothermic process that continues up to 346 �C (FET).

Showing TG results of sewage sludge (Fig. 10), two stages of loss
of weight are also observed. In this case the first peak has less loss
of weight than the second one, unlike for the wood chips sample.
The heating process starts at 242 �C (IT) and there are two
maximum values, the first one at 277 �C (MLT) and the second one
at 480 �C.

The DSC plot for sewage sludge has some differences with the
one for wood chips, as shown in Fig. 11. The descending peak that
appears after the final point of the exothermic temperature rep-
resents the decomposition of the sample.

Unlike the previous cases, TG plot for coal has only one stage of
weight loss as shown in Fig. 12. The heating process starts at 375 �C

Fig. 4. CO emissions from sewage sludge.

Table 2
Calculation example for CO emissions start point for wood chips.

Temperature interval (�C) Relative difference (�) Relative percentage (%)

20e40 0.2 1.9
40e60 0.6 5.9
60e80 2.2 20.2
80e100 1.8 16.2
100e120 1.8 16.9
120e140 2.3 21.0
140e160 0.6 5.8
160e180 0.6 5.6
180e200 0.7 6.5
Sum 10.9 100.0
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Fig. 5. CO2 emissions from sewage sludge.

Fig. 6. CO emissions from coal.

Fig. 7. CO2 emissions from coal.
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(IT) and its maximum value is observed at 413 �C (MLT).
The DSC plot for the coal sample, shown in Fig. 13, is similar to

the one obtained for the wood chips sample, both presenting an
acceleration of the exothermic process up to the FET. From this
temperature significant changes are no longer produced, unlike
what happens for the sludge, as shown in Fig. 11.

The IET obtained from the DSC analysis is the minimum starting
temperature of the exothermic reaction, and the value of this
parameter for the wood chips sample is 82 �C, for sewage sludge is
110 �C and for coal is 104 �C.

3.3. Comparison of results

Comparing the results obtained from both methods (Table 3), it
can be inferred that the gas emissions method detects self-heating

in advance.

4. Discussion

The results clearly indicate that increasing the temperature the
total emissions of gas increase, which is fully expected as higher
temperature implies an increased rate to the oxidation reaction.

This reaction occurs on the surface of the solid particles of the
material, so that since it is an exothermic reaction, a heat source is
generated. Upon oxidation of the dust material with the air is a
spontaneous exothermic reaction, heat is being released. This
phenomenon is called self-heating and is the first step in a process
that might finally result in spontaneous combustion. An increase in
temperature due to exothermic reaction on the solid surface will
produce an increase in the reaction rate, releasing more heat, and

Fig. 8. TG analysis for wood chips.

Fig. 9. DSC for wood chips.
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this process rapidly accelerates to high temperatures, leading to
self-ignition.

The spread of the reaction is affected by the availability of ox-
ygen, and this is related both to particle size and compaction.

In the case of wood chips, a smaller particle size causes a slight
increase in gas emissions, but does not change the temperature at
which the process begins. More emission from the sample with
larger particles could be expected because oxygen in the air would
have better access to the surface of the particles. The fine sample
behaves somewhat like a compacted sample, because the oxygen
access is reduced, but the larger specific surface due to smaller
particles will probably have a greater influence on the reaction.

As for the compaction, it is evident that a compacted sample has

a smaller spacing between the particles, which hinders the oxygen
access to the area. In the case of the sample of sludge, compacting
does not result in a difference in emissions, which can be analysed
because the sludge had a large particle size, so that compaction is
not significant. In the case of coal, however, a notable difference is
observed, so that the compacted coal emits a greater amount of gas
at higher temperatures, but the onset temperature of the process
remains unchanged. In this case it should be noted that density and
thermal conductivity are higher for compacted samples and it is
well known that an increase in the thermal conductivity decreases
the tendency to begin the self-heating process.

Somehow there is a competition between different phenomena
(access of oxygen and thermal conductivity) and temperature will

Fig. 10. TG for sewage sludge.

Fig. 11. DSC for sewage sludge.
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have a decisive influence on which variable predominates. At low
temperature, at the time of starting the self-heating, compaction
delays the start of the process because it makes access to the solid
surface difficult for oxygen: the solidegas interaction is reduced.
However, when the temperature rises enough, the initial oxidation
is guaranteed and what influences the development process is the
propagation of the reaction, which is now favoured by increasing
the thermal conductivity. The self-heating process depends on both
the heating and cooling and a high conductivity at the initial time
favours heat dissipation and delay the process. Conversely, when
the process is underway and the temperature rises, the highest
conductivity promotes the heating of the particles close to the heat
source.

This change observed with increasing temperature can be seen
very well in the DSC curves. Upon reaching the IET (initial tem-
perature exothermic reaction), still at low temperature, the process
is still slow and the access of oxygen to the surface is the dominant
mechanism for the development of self-heating. However, once the
CST (slope change of temperature) is exceeded, the process is faster
and will be conditioned by the spread of the reaction, which is
favoured by a higher thermal conductivity.

5. Conclusions

Firstly, it is observed that the total amount of gas emissions from
the studied samples heavily depends on the temperature of the

Fig. 12. TG for coal.

Fig. 13. DSC for coal.
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sample. Compaction also affects to emissions, but it depends on the
particle size and the moisture of the sample. The lower values of
these parameters, the more efficient the compaction is.

Secondly, it is observed that the combustion process of the
sample is earlier detected by gas emissions than by the TG-DSC
analyses. CO emissions are detected at lower temperatures than
IT, while it happens occasionally with CO2. This means that CO
emissions are more effective for this methodology.

Therefore, gas emission measurements allow to observe the
self-ignition tendency of a solid fuel at lower temperatures than
TG-DSC analyses. Also different heating stages existing in the
combustion process which can be easily detected with the TG-DSC
analyses may be also defined with the gas emission test.

This test is designed at laboratory scale, so data are measuring
point by point. To apply this test for an industrial practice it is
recommended to apply online gas analysis to have a continuous
data measurement.
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Table 3
Comparison of results.

Sample Differential
scanning
calorimetry

Gas emissions methodology

IT (�C) Range according to
CO emissions (�C)

Range according
to CO2 emissions (�C)

Wood chips 82 60e80 100e120
Sewage sludge 110 80e100 60e80
Coal 104 80e100 100e120
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