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Abstract
The present work describes the production steps in the wood pellet manufacturing
process, the theory of their combustion, and the requirements of the quality
standards for their certification. Several types of wood pellets, that can be purchased
on the Slovenian market were analysed. Proximate analysis (moisture content, ash
content, volatile matter content, fixed carbon content), and calorific values
determination are carried out according to verified standards. In order to determine
the extent to which the analysis parameters influence the obtained results,
measurements were performed under changed conditions (temperature, time, type
of crucible). A brief comparison between Spanish and Slovenian wood pellet market
is also outlined.
Key words: Wood pellets, Proximate analysis, Moisture content, Ash content,
Volatile matter content, Calorific values

Povzetek
V okviru diplomskega dela so opisane tehnološke faze pri proizvodnji lesnih pelet,
teorija njihovega zgorevanja ter zahteve standardov za njihovo certificiranje.
Analiziranih je nekaj vrst lesnih pelet, ki se lahko kupijo na slovenskem trgu. Določili
smo jim delež vlage, pepela, hlapnega ter kalorične vrednosti. Z namenom
ugotavljanja do kakšne mere vplivajo parametri analize na pridobljene rezultate smo
izvajali meritve tudi pri spremenjenih pogojih (temperatura, čas, tip lončka).
Predstavljena je tudi kratka primerjava med španskim in slovenskim trgom lesnih
pelet.
Ključne besede: Lesni peleti, Imediatna analiza, Delež vlage, Delež pepela, delež
hlapnega, Kalorične vrednosti
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Širši povzetek vsebine
V okviru diplomskega dela z naslovom »Imediatna analiza lesnih pelet« so
opisani uporaba biomase v energetske namene, klasifikacija goriv iz lesa,
tehnološke faze izdelave lesnih pelet, teorija njihovega zgorevanja ter zahteve
standardov za njihovo certificiranje na kratko pa je podana tudi primerjava med
španskim in slovenskim trgom lesnih pelet.
Opisane so standardne metode preiskave biomase kot so: določevanje nasipne
gostote, določevanje deleža vlage, določevanje deleža pepela, določevanje deleža
hlapnega ter meritve zgorevalne toplote in kurilnosti.
Za namen raziskav smo analizirali štiri naključno izbrane znamke lesnih pelet, ki so
dostopne na slovenskem trgu. Določili smo jim gostoto nasutja, delež vlage, delež
pepela, delež hlapnega ter zgorevalno toploto in kurilnost. Ugotavljali smo ali se
deklarirana kvaliteta, ki jo navajajo proizvajalci, ujema z dejanskim stanjem.
Z namenom ugotovitve do kakšne mere vplivajo parametri imedatne analize na
pridobljene rezultate smo izvajali meritve tudi pri spremenjenih pogojih. Delež
pepela smo določevali z dve ali tri urnim žarjenjem vzorcev pri temperaturi 550 °C.
Delež hlapnega z žarjenjem vzorcev v atmosferi brez prisotnega kisika pri
temperaturi 900 °C ter 550 °C v obeh primerih pa smo uporabili tudi dva različna
žarilna lončka. Lonček iz taljenega kremena, z dimenzijami kot ga navaja standard
FprEN 15148, ter lonček iz platine, ki se ga uporablja za določevanje deleža
hlapnega v črnih premogih.
S preiskavo smo prišli do sledečih sklepov:
•

Potrošnik lahko že z vizualnim pregledom do določene mere sklepa o
kakovosti lesnih pelet. Če je temnejše barve samo zunanja površina lesnega
peleta to še ne pomeni nujno tudi slabše kvalitete surovine, v kolikor pa je
opaziti temnejše delce tudi na prelomni površini lesnega peleta, pa to že
lahko kaže na prisotnost lesa slabše kvalitete (lubje, vejevje)

•

Prisotnost lubja ali nezaželenih delcev, kot so kovinski opilki, plastični delci
ali pesek, lahko ugotovimo že s pregledom zdrobljenega lesnega peleta s
povečevalno lečo ali mikroskopom majhnih povečav.

•

Prisotnost peska ter kovinskih delcev lahko ugotavljamo tudi z raztapljanjem
lesnih pelet v vodi ter preiskavo usedline.
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•

Standard zahteva minimalno nasipno gostoto 600kg/m 3. Vsi vzorci niso
izpolnili te zahteve.

•

Vsi analizirani lesni peleti so imeli delež vlage pod najvišjo dovoljeno mejo (10%)

•

Višji delež pepela v lesnih peletih ni zaželen, ker znižuje kalorično vrednost,
povečuje pa tudi frekvenco čiščenja kurišča in dimnika. Glede na standard
SIST EN 17225-2 sta se dve vrsti pelet uvrstili v razred A1 (<0,7% pepela) in
dve v razred A2 (<1,2% pepela)

•

Pri nekaterih vrstah lesnih pelet je čas žarjenja vplival na izmerjen delež
pepela. Po dveh urah žarjenja na 550 °C smo v pepelu našli ostanke
nezgorelih delcev zato predlagamo daljši čas žarjenja (3 ure).

•

Temperatura žarjenja pri določevanju hlapnega ima velik vpliv na pridobljene
rezultate. Povprečno smo izmerili 6,6±0,2% manjši delež hlapnega pri
550 °C/7min kot pri meritvah pri katerih so bili peleti izpostavljeni temperaturi
900 °C/7min. Kadar podajamo rezultate deleža hlapnega morata biti obvezno
navedena standard oz. temperatura žarjenja. Primerjava rezultatov deleža
hlapnega v biomasi, izmerjenega po različnih temperaturah žarjenja, ni
smiselna.

•

Eksperiment določanja hlapnega z uporabo različnih žarilnih lončkov je
potrdil statistično značilno razliko pridobljenih rezultatov. Pri vseh analiziranih
vzorcih neglede na izbrano temperaturo žarjenja smo z uporabo platinskega
lončka dobili pribljižno 2% višji delež hlapnega. Primerjava rezultatov deleža
hlapnega v biomasi, izmerjenega z žarjenjem v različnih žarilnih lončkih, ni
smiselna.

•

Vsem analiziranim lesnim peletom smo izmerili višjo kurilnost kot jo
predpisuje standard (>16,5MJ/kg). Z meritvami smo potrdili, da se z višjim
deležem pepela in vlage znižujeta zgorevalna toplota (zgornja kalorična
vrednost) in kurilnost (spodnja kalorična vrednost).
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Tabela A: Zbrani rezultati meritev imediatne analize ter kaloričnih vrednosti
analiziranih lesnih pelet
Povprečne
Vzorec 1
Vzorec 2
Vzorec 3
Vzorec 4
vrednosti
Gostota nasutja
633
630,83
616
586,9
[kg/m3]
Delež vlage [%]
6,49
7,75
7,28
7,07
Delež pepela [%]
550°C/2h
Delež pepela [%]
550°C/3h
Delež hlapnega
[%] 900°C/7min
(kremenov lonček)
Delež hlapnega
[%] 900°C/7min
(platinski lonček)
Delež hlapnega
[%] 550°C/7min
(kremenov lonček)
Delež hlapnega
[%] 550°C/7min
(platinski lonček)
Zgornja kalorična
vrednost [MJ/kg]
Spodnja kalorična
vrednost [MJ/kg]

0,35

0,92

0,36

0,94

0,29

0,96

0,37

0,93

79,87

76,60

78,99

77,74

81,64

78,43

80,80

79,77

73,77

70,30

72,85

71,50

75,67

72,21

74,86

73,77

19,00

18,48

18,62

18,48

17,8

17,0

17,3

17,2
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INTRODUCTION

Combustion is the most common way for energy generation since mankind started to use
energy. Even today, approximately 85% of primary energy consumed is produced by
combustion of fossil fuels (oil, coal, natural gas). However, awareness, that these resources
will once run out, and an increasing concern that their combustion causes global climate
changes, forces people to seek for new, and cleaner energy sources.
The interest in using biofuels as an energy source is growing worldwide due to many
political, social and environmental reasons. For instance, the reduction of the countries’
dependency on imported fuels, increased employment due to higher work intensity for
biomass utilization, and environmental benefits, such as reduction of carbon dioxide
emissions and pollution with toxic gases and heavy metals are some of the most important
ones. Biofuels are considered a renewable and clean energy source, because they could be
produced from annually grown biomass, and have zero carbon dioxide emissions balance,
when combusted. The latter, as carbon dioxide would be released into the atmosphere
anyway, during biomass decay. However, biofuels are renewable and clean only if they are
generated on a sustainable biomass production and utilized in an effective way.
Wood pellets are a renewable fuel, manufactured from forest or plantation wood, recycled
timber wood or wood residues of the wood processing industry. Due to their economically
attractive price, and the possibility of automatization of their use as an energy source, their
consumption has increased considerably.
In this project, we will learn about the wood pellets manufacturing process, combustion,
analysis, and standards for their classification according to quality classes.
Within the laboratory work, we will analyse a few types of wood pellets, which can be
purchased on the Slovenian market. Some standard quality tests, proximate analysis
(moisture content, ash content, volatile matter content), and calorific values determination
will be carried out according to verified standards. A brief comparison between Spanish and
Slovenian wood pellet market will also be outlined.
One of the main objectives of this project is to learn how to properly analyse characteristics
of wood pellets and how to differentiate between good and bad quality pellets. Another
objective is to analyse to what extent different modes of experiment execution for
determining certain characteristics influence the obtained results.
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2 THEORETICAL BACKGROUND
2.1

ENERGY SOURCES

All energy sources that we have on earth are actually derived from the energy of the sun,
or are remained from the creation of the earth (nuclear). Solar energy can be exploited
directly through the conversion of solar energy into heat and electricity or indirectly through
the conversion of solar energy accumulated in the plants, the kinetic energy of the wind and
running water. Namely, even the wind and water circulation on the earth are driven by the
sun and therefore the energy of air and water masses are essentially a changed form of solar
energy. According to the dynamics of the creation, energy resources can be classified as
renewable or non-renewable. Among the renewable, we include those whose energy is
constantly renewed due to solar radiation. These include energy stored in plants and animals
(biomass), the energy of running water and wind, and geothermal, solar and marine energy.
Among the non-renewable sources, we count those whose rate of formation is significantly
slower than their consumption or do not even occur and will, therefore, run out of time. This
group includes the energy of fossil fuels and nuclear energy.
2.2

BIOMASS AND BIOFUELS

Biofuels are all types of hydrocarbon fuels (solid, liquid or gaseous) directly or indirectly
produced from biomass, while biomass is defined (EN 14558:2010) as an organic material
of biological origin (plants, animals), which can be used for biofuel production or for some
other primary uses (non-fuel) such as construction material, packaging, furniture
manufacturing, paper product, etc. The European standard for Fuel Specifications and
Classes (EN 14961-1; 2010) classifies biomass only as raw material for biofuel production,
and therefore do not deal with other uses. In the group of biomass materials for fuel
production, we can include agricultural crops and trees, waste food, fiber crop residues,
aquatic plants, forestry and wood residues, agricultural and urban waste, processing wood
residuals or food processing by-products and other non-fossil organic matter. Figure 1 shows
a scheme of bioenergy production from various sources of biomass to biofuel production
and final use of bioenergy.

Figure 1: Bioenergy utilisation chain
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Biofuels can be delivered in different states of matter (solid, liquid or gas) but today term
Biofuel is mostly used as a generic name for liquid or gaseous fuels that are not derived from
petroleum based fossil fuels.
The first generation of biofuels was in the solid state. This group includes all kinds of wood,
charcoal, agricultural products or wastes (non-food energy crops, dried manure…). When
biomass is already in suitable form for combustion, it can be burnt directly (firewood),
however, when not, the typical process is to densify the biomass first. This includes milling
the biomass to appropriate size and concentrating it by pressing into a more suitable form
for transportation and combustion.
Liquid and gaseous biofuels can also be classified into generations. First generation biofuels
are made from simple sugars (mono- , and disaccharides), starch, esters, fats or vegetable
oils, alcohols, and gaseous products of anaerobic digestion, fermentation or gasification
(biogas, syngas). Second generation biofuels are liquid fuels made from lignocellulose
biomass. The feedstock sources include wood and wood residues, energy crops and other
seed crops, waste vegetable oils, municipal solid wastes and so forth. This group includes
liquid fuels such as bioethanol, biohydrogen, and wood diesel. The third generation is made
from various types of algae, known as olialgae, and the fourth-generation biofuels include
electrofuels and photobiological solar fuels, produced from biomass grown on non-arable
lands, directly without the destruction of biomass. Third and fourth generation biofuels
productions are still in early research stages1.
WOOD FUELS
According to FAO (Food and Agriculture Organisation of United nations) unified
bioenergy terminology (UBET), wood fuels are defined as a subgroup of biofuels, where the
original wood composition is preserved and unaltered from its original form. Wood fuels
can be classified according to its trading forms or to its origin and source2.
The major traded forms are:
Firewood: Cut and split wood logs, used in household wood burning appliances, such as
fireplaces, stoves, domestic central heating systems. Length range: 200-1000 mm.

Firewood
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Log wood: Unsplit with minimal length of 500 mm.

Log wood
Wood chips: Mechanically chopped wood. Each wood chip has a sub-rectangular shape.
Length range: 5-50 mm and low thickness. Wood chips are usually used in medium or large
combustion units equipped with automatic furnace feeding system.

Wood chips
Wood pellets: Cylindrical form made from pulverised woody biomass. Length range: 5-40
mm. Diameter: 6 – 15 mm

Wood pellets
Wood briquettes: Cubical or cylindrical form with bigger sizes than wood pellets.

Wood briquettes
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Depending on the source, wood fuels can be differentiated in the following way:
Forests, plantations and other virgin wood: forests can be
considered the principal source of wood fuels in Europe.
Plantations or short rotation energy plantations are used to
obtain firewood and wood chips. Coppice plantation is the
most important one. Depending on the time until harvesting,
two models should be highlighted: European model
(2-3 year cycle) and American model (5-8 year cycle). In the
group of other virgin woods are segregated wood from
gardens, parks, roadside maintenance, vineyards, fruit
orchards and driftwood, etc.

Virgin wood from forest

By-products and residues from wood processing industry: all the
discarded material in this industry is included in this category. Even
after having had a chemical treatment all those residues without
heavy metals or halogenated organic compounds can be employed.
Used wood: all wood products that have already been
utilized (mostly from construction industry). Care should be
taken to remove excess of heavy metals or halogenated
organic compounds.

2.3

WOOD PELLETS

Used wood

Wood pellets are compressed cylindrically shaped particles made from processed wood,
10 to 40 mm in length and 6 to 15 mm in diameter. They are used for the generation of heat
(and/or electricity) in individual residential houses and for the central heating of large
residential complexes. Cogeneration of thermal and electric energy and co-combustion with
coal is also possible in larger thermal-power plants. In the last few years, the use of wood
pellets for the central heating of individual residential buildings has been particularly
widespread due to increasing fossil fuel prices.
Wood pellets are a renewable fuel, manufactured from forest or plantation wood, recycled
timber wood or wood residues (sawdust, wood shavings …) of the furniture industry. They
stand out because their production can be considered limitless, their price is much more
stable than the price of fossil fuels, and energy generation by combustion can be automated
on the same manner as for gaseous or liquid fossil fuels.
The European Union is the biggest wood pellet market in the world. Production of wood
pellets in Europe covers 70 % of its demand. The main producers in Europe are Germany,
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Sweden, Latvia, Estonia, and Austria. Between the main consumers, we can find United
Kingdom, Italy, Sweden, Denmark, Germany, and Belgium.
Although they are not main producers nor main consumers, the two countries should be
highlighted in this project, Slovenia, and Spain.
Energy consumption and production of wood pellets in Slovenia:
Total primary energy supply (TPES) or Gross inland consumption (GIC) in Slovenia in
2017 was 281,1 PJ (6,71Mtoe, 3,2 toe per capita), and total final energy consumption (TFC)
207,1 PJ (4,95Mtoe, 2,37 toe per capita) (industry 25,6%, transportation 39,1%, household
facility 23,4%, other 11,9%). Import represents approximately 50% of primary energy
supply. Figure 2 shows the structure of supply by energy sources and figure 3 the structure
of final energy consumption by energy types3.

Figure 2: Total primary energy supply in Slovenia in 20173

Figure 3: Final energy consumption in Slovenia in 20173
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In 2017, the primary energy supply from renewable + non-renewable industry wastes
(excluding hydro energy) was 32676 TJ. Most of this energy is derived from wood or other
solid biomass (figure 4), whose domestic production add up to 25218 TJ.

Figure 4: Structure of TPES produced from renewable and non-renewable industrial wastes
in Slovenia in 20173
More than half (57.7 %) of the Slovenian territory is covered by forest. Most of these forests
are consisted of beech and spruce tree. Despite having good conditions for the use of
biomass, the production is quite low. According to data from ref.4, 19 industrial producers
are registered in Slovenia with the collective annual production of around 110.000 tons of
wood pellets. Among them, there is only one large producer with the annual production
above 50.000 tons and one with 25.000 tons. According to Statistical Office of Republic of
Slovenia import for the year 2017 was more than 200.000 tons, with a total import/export
deficit of 64.000 tons.
Wood pellets in Slovenia are mainly used in domestic heating systems and in small-scale
electricity production units and are mostly produced of spruce and beach wood. Although
wood pellets are still a small part of the country energy production and their producers must
deal with foreign competitors, the market is developing. Considering the vastness of its
forests and the small part that is being exploited, Slovenia could experience an immense
growth in this sector.
Wood pellets in Spain:
The growth of production and consumption of wood pellets in Spain are nowdays far
from the great boom that occurs at the beginning of the millennium (2005-). Despite having
a big potential, Spain production of wood pellets is nowadays only around 30-40 % of its
7

capacity, which is approximately 1.250.000 tons. The production is shared by around 70
pellet producers, with an annual average capacity of 17500 tons/year. In the forcast that
Avebiom (Spanish Biomass Asocciation) made for this year a production of 550.000 tons
and consumption of 475.000 tons is expected, and for 2020 around 800.000 tons and
665.000 tons, recpectively.
It should be pointed out, that Spain is the third country in the world, by the number of
certificated pellets on the market. This demonstrates the high quality of the Spanish wood
pellets, which are mostly manufactured of pine wood.
According to International Energy Agency (IEA), the total primary energy supply (TPES)
in Spain for the year 2016 was 4982,5 PJ (119Mtoe, 2,56 toe per capita) and total final energy
consumption (TFC) of 3370,5PJ (80,5Mtoe; 1,73 toe per capita).
Generation of electricity in Spain was of 262,665 GWh. As we can see in figure 5 the net
production of biomass and residues was of 7,104 GWh, with an increase of 4,2% over the
year 20165.

Figure 5: Spanish net production of electricity in 20175
The total power installed in Spain in 2017 was of 104.517 MW. In figure 6, the installed
power for biomass and residues is shown, which was of 1.495 MW, a 0,5% less than in
20165.
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Figure 6: Power installed in Spain in 20175

2.3.1 Wood pellets manufacturing technology
Wood pellet manufacturing can generally be divided into several processing steps, which
may slightly vary or are combined into a single processing unit, depending on the
manufacturing technology6,7,9.
Collecting of raw material: The first step in a wood pellet manufacturing procedure is
collecting the raw material in the suitable warehouse. The raw material can be harvested
from forests as log wood or by-products from other industry sectors can be used, such as
saw dust, wood shavings, timber wood, etc. The warehouse is usually also intended for
natural drying if the moisture content in the raw material is above 30 %. Because the quality
of the finished product depends on the quality of the input material, the log wood is also
debarked, when highest quality pellets are produced. Both kinds of wood from deciduous
and coniferous trees can be used for the manufacturing of wood pellets.
Coarse grinding and cleansing: Due to increased efficiency of the subsequent drying
process and final product homogeneity, the raw material is milled into coarse sawdust.
Cleansing of unwanted material such as stones, metal, dirt, and plastics is incorporated after
this production step. A thorough removing of foreign particles in sawdust is very important
because they could wear the hammer-mill, pressing die or even cause sparks in the hammermill, which might lead to a wood dust explosion. Metal removing is done by the use of
magnets, while stone and dirt are usually removed by a stone trap, where the stream of
sawdust flight over an opening at the distinctive speed while heavier particles fall into the
opening. If the raw material is collected from various sources or several kinds of wood,
9

mixing follows to ensure a homogeneous and constant mixture before the next production
steps. The use of uneven material increases the risk of interruptions during the pressing
process and can’t provide constant quality of the final product.
Drying: The drying is of high importance for the final product since a raw material with a
moisture content higher than 15 % is difficult to shape into final form by pelletising. Drying
of coarse ground material is most often carried out in drum dryers, but also superheated
steam, spouted bed, flash, conveyor belt or tube dryers are sometimes applied. The drying is
the most energy intensive process (≈ 70%) in the overall wood pellet manufacturing
procedure and represents a large proportion of total manufacturing costs.
Fine Grinding: Before final shaping into pellets, dried coarse ground raw material is finely
ground into flour like material, with a particle size below 4 mm. Hammer mills are most
commonly used in this production step. The resulting fine sawdust is then separated (sieved)
in a cyclone and filters for appropriate particle size distribution.
Conditioning and mixing: Conditioning is carried out in the mixers where the fine
grounded sawdust is heated and moistened (1-2%) with water vapor up to 70 – 130 °C,
depending on the type of pelletising mill used in the next step. Under these conditions, the
lignin in the wood is softened and a natural adhesive is created, which glue the fine particles
of wood during forming (pelletising) into final shape. In some cases, additional binder
(starch) is added before pelletising.
Pelletising: Pelletising is a process where fine ground and conditioned sawdust is extruded
through the holes of heated metal plate, called die. The die consists of many cylindrical
holes of fixed diameter (6 mm; 8 mm; 15 mm) through which the heated and softened
biomass passes under high pressure. The pressure is generated by means of rollers, which
layer by layer push the material through the holes. The process is schematically presented in
figure 7.

Figure 7: Pelletising principle7
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The sawdust lies in a layer in front of a roller, which presses the material down into the die
block hole. When the rolling press turns and next roller rolls over the hole, new material is
pressed into the hole, thereby layer by layer compressing the raw material into pellets. When
the pellets have passed through the cylindrical holes of the die block they are cut or broken
into suitable lengths. The machine used for shaping the sawdust into wood pellet is called
pellet mill. Two kinds of pellet mills are used (figures 8, 9): ring die pellet mill and flat die
pellet mill. Ring die pellet mills have a capacity over 1 ton per hour and are used in large
production plants. Flat die pellet mills have a capacity of 500-1000kg per hour and are used
in smaller production units.

Figure 8: Flat type pelletising mill7,8

Figure 9: Ring type pelletising mill: a) left side b) front side c) mounting the ring die7,9
11

Cooling and drying: Immediately after pelletising, the pellets are hot, moist and soft. To
obtain the final mechanical properties, they must be cooled and dried. To increase the
durability of the pellets and decrease of dust formation during transportation, the cooling
procedure must be gradual to minimize thermal residual stresses. When cooled and dried,
screening follows to remove dust and fine particles formed during the production process.
The dust, which is removed during drying, is returned to the conditioning and mixing
process.
Storage and packing: Due to the high absorbency of moisture, the pellets must be stored in
closed silos or containers with a dry atmosphere. If the moisture content in pellets increases
above 15%, conditions for the development of fungi and moulds are created, and thus the
conditions for their biological decomposition. Wood pellets are usually packed in 15 kg
bags, 900 kg big-bags or are transported in bulk state by trucks equipped with a pneumatic
tube delivery system for direct blow into the customer storage silo. These trucks are also
equipped with an automatic weighing system for measuring the amount delivered.
2.3.2 Quality standards for wood pellets
The quality of wood pellets depends on several characteristics: applied raw material, bulk
density, calorific value, ash content, amount of fines, durability of wood pellets, and
moisture content. According to these factors standard SIST EN 17225-2 defines three quality
classes of wood pellets for nonindustrial usage (table 1) and three classes for industrial usage.
Table 1: Certification limit values for pellets from woody biomass
Class:
A1
A2
B
I1
I2

I3

Moisture (w.b.%)

≤10

≤10

≤10

≤10

≤10

≤10

Ash (d.b.%)

≤0,7

≤1,2

≤2

≤1

≤1,5

≤3

Durability (%)

≥97,5

≥97,5

≥96,5

≥97,5

≥97,5

≥96,5

NCV (MJ/kg)

≥16,5

≥16,5

≥16,5

≥16,5

≥16,5

≥16,5

Bulk density [kg/m3]

≥600

≥600

≥600

≥600

≥600

≥600

Nitrogen [d.b.%]

≤0,3

≤0,5

≤1

≤0,3

≤0,3

≤0,6

Sulphur [d.b.%]

≤0,04

≤0,05

≤0,05

≤0,05

≤0,05

≤0,05

d.b. – dry basis, w.b. – wet basis

2.3.3 Combustion of wood pellets
Combustion of solid fuels, including wood pellets, is a complex process that involves
many simultaneously occurring chemical reactions. Basically, the process of combustion of
the individual wood pellet can be divided into four basic phases: drying,
pyrolysis/gasification, combustion of gasses released during pyrolysis and gasification and
combustion of the remaining charcoal10. When burning a single small particle (<100 μm) in
the stream of hot air, these phases appear separately and sequentially, while in the case of
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larger particle combustion or continuous fuel delivery, these phases occur simultaneously.
The first two stages of combustion are endothermic reactions that consume heat released
during the combustion process of volatile flammable substances and charcoal, and lower the
temperature of the resulting combustion products, and thus the efficiency11.
Drying is the first phase in the combustion process, which takes place during the heating of
the individual particle from the initial temperature to <150 °C. During the drying process,
moisture will evaporate in the form of water vapour. The process is endothermic and the
energy and time required for this phase to occur depend on the moisture content in the wood
mass. When temperature increases, also monoterpenes and other complex, highly volatile
compounds constituting essential oils and resins are also evaporated, but their proportion is
relatively small.
Pyrolysis/devolatilization is the thermal decomposition of wood, which takes place at a
temperature interval between 200 °C and 500 °C in the atmosphere without the presence of
oxygen or externally supplied oxidizing agent. During the process, natural polymers like
cellulose, hemicellulose, and lignin, which form the woody substance, decompose due to
high temperature. Hemicellulose decomposes between 250 °C and 325 °C, cellulose
between 325 °C and 375 °C, and lignin between 400 °C and 500 °C. Products of pyrolysis
are solid carbonaceous char (charcoal) and gaseous carbon monoxide (CO), carbon dioxide
(CO2), hydrogen (H2), various liquid (tar) and gaseous hydrocarbons (CxHy), which quickly
decompose into simpler hydrocarbons (mostly methane) due to high temperature during the
combustion process. In the presence of oxygen and a sufficiently high temperature or when
exposed to an external flame, pyrolysis products are ignited and form a diffusion flame above
the surface of the wood particle.
Combustion of residual charcoal is the third and final stage of the combustion of wood
mass. Charcoal is essentially a porous carbon structure, which remained after evaporation of
volatile matter. It may still contain some liquid compounds which evaporate at high
temperatures and inorganic matter (ash). On the surface of the particle, carbon reacts with
oxygen and forms carbon monoxide, which is then further oxidized in the gas layer around
the particle (combusted) into carbon dioxide. In addition to the oxidation reaction, also
reduction reactions of carbon and carbon dioxide or carbon and water vapor may occur, also
sometimes termed as gasification. The products of these two reactions are carbon monoxide
and hydrogen, which also burns in the gas layer around the particle. The latter reactions are
significantly slower than the oxidation reaction and represent a significant proportion only
in the case of oxygen deficiency.
The process of combustion of a single wood pellet is shown in figure 8 showing the three
distinctive zones of the partially burnt pellet. These combustion zones are the consequent of
a temperature gradient within a single particle during its heating to combustion temperature.
The existence of the temperature gradient can be determined by the Biot number, which must
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be in the case of a constant temperature approximation over the entire pellet cross section,
less than 0,2 (lumped system analysis):
𝐵𝑖 =

𝛼∙𝐷
< 0,2
𝜆

(1)

where 𝛼̅ represents overall heat transfer coefficient [W/m2K], D pellet diameter [m] and λ
thermal conductivity of the pellet [W/mK]. If we take into account average values for
thermal conductivity of wood pellets (0,266 ± 16%)12, standard diameter of pellets in EU
(0,006 ÷ 0,008 m) we can calculate, that the value of the overall heat transfer coefficient
must be below 10 W/m2K, which is not in the accordance with practical findings
(α ≈ 700W/m2K)11. The diameter of the individual wood pellet (6-8 mm) is therefore large
enough that during combustion, temperature gradient through pellet cross section will
always be present.

Figure 10: Wood pellet cross-section during the combustion process10
When the temperature of the wood pellet subsurface layer rises above approximately 250 °C,
the wood substance starts to decompose. Volatile organic compounds evaporate into the
surrounding environment, leaving the porous structure of the wood charcoal (figure 10). The
outward flow of volatiles and their combustion in the immediate vicinity of the particle
surface prevents access and diffusion of the surrounding oxygen into the porous structure of
the charcoal, and promote the formation of pyrolysis layer under the layer of charcoal.
Because the wood itself is a porous material, the high pressure in the pores during
evaporation of outer layers prevents or at least substantially slows the evaporation of
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moisture from the inner layers of the particle. The pyrolysis layer gradually moves towards
the centre of the particle, leaving behind a layer of charcoal. The outer layer of charcoal does
not begin to burn until evaporation of the volatiles and water vapor slows down to the extent
that oxygen access to the surface of the particle is possible. After a certain time, all three
phases occur simultaneously, the evaporation of water vapor from the inner layers of the
pellet, the burning of the outer layer of the charcoal and the pyrolysis of the intermediate
layer10,11. In solid fuels is also always present a certain proportion of mineral substances in
the form of ions and submicron particles that form a surface layer of ash during the
combustion of charcoal, which affects the reaction rate of combustion. The relative
proportion of each combustion phase can be indicated by proximate fuel analysis: water
content, ash content, volatile matter content and fixed carbon.
When calculating the volume of reaction products during the process of combustion of solid
fuels, we proceed from simple elementary atomic composition (C, H, O, N).
If we discuss wood pellets combustion as solid fuel combustion, the basic stoichiometric
equations are only:
Carbon oxidation:

𝐶 + 𝑂2 → 𝐶𝑂2

Hydrogen oxidation:

2𝐻 + 2 𝑂2 → 𝐻2 𝑂

1

Oxygen in the fuel reacts with carbon and hydrogen, which means that less oxygen must be
brought into the combustion chamber with air. In fact, the final products are produced
through many intermediate reactions. During the process of pyrolysis, carbon monoxide,
hydrogen, and various hydrocarbons are produced, which means that combustion of wood
pellets can be treated as a mixture of solid and gaseous fuel combustion. The stoichiometric
equations of the combustion of gaseous intermediate products are:
1

Carbon monoxide oxidation:

𝐶𝑂 + 2 𝑂2 → 𝐶𝑂2

Gaseous hydrogen oxidation:

𝐻2 + 2 𝑂2 → 𝐻2 𝑂

1

Higher order hydrocarbons oxidation:

𝑦

𝐶𝑥 𝐻𝑦 + (𝑥 + 4)𝑂2 → 𝑥𝐶𝑂2 +

𝑦
2

𝐻2 𝑂

During the charcoal combustion also gasification reactions may occur:
𝐶 + 𝐶𝑂2 → 2𝐶𝑂
𝐶 + 𝐻2 𝑂 → 𝐶𝑂 + 𝐻2
𝐶 + 2𝐻2 𝑂 → 𝐶𝑂2 + 2𝐻2
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Nitrogen in the fuel, as a part of organic compounds, will form a nitrogen gas or, if the
temperature of combustion is high enough, a small amount of toxic nitrogen oxides (NOx).
1

𝑁 + 2 𝑂2 → 𝑁𝑂
1

𝑁𝑂 + 2 𝑂2 → 𝑁𝑂2
The theoretical minimal amount of oxygen needed for ideal combustion (without CO in flue
gas) of solid fuel, composed of C, H, S, O in N, can be calculated with the equation 2:

𝑉𝑂𝑡 =

1
(1,8643 ∙ %𝐶 + 5,5541 ∙ %𝐻 + 0,6984 ∙ %𝑆 − 0,6998 ∙ %𝑂)
100

(2)

in [m3 O2/kg of solid fuel]. Sulphur content in wood is very small and can usually be
neglected. In practice, air is used for wood combustion, because using pure oxygen would
be economically inefficient. Since air contains 20,9 vol. % of oxygen, to replace 1m3 of
oxygen we have to bring into combustion chamber 1/0,209 = 4,785 m3 of dry air. The
theoretical amount of dry air at normal conditions (p =1,013bar, T = 273K) for complete
combustion of fuel with a specific chemical composition can be calculated with the
equation 3:
𝑚3 𝑑𝑟𝑦 𝑎𝑖𝑟⁄
𝑘𝑔 𝑜𝑓 𝑓𝑢𝑒𝑙 ]

𝑉𝑎𝑖𝑟−𝑡 = 4,785 ∙ 𝑉𝑂𝑡 [

(3)

Because in practice is not possible to achieve complete mixing between all fuel atoms and
oxygen, a surplus of air is brought into the combustion chamber to assure complete
combustion. The ratio between the actual amount of air (Vair-a) that is driven into the
combustion chamber and the theoretically required amount of dry air (Vair-t) is called the air
ratio. It is denoted by λair and can be expressed as the ratio of volumes or masses.
𝜆𝑎𝑖𝑟 =

𝑉𝑎𝑖𝑟−𝑎
𝑉𝑎𝑖𝑟−𝑡

(4)

The recommended air ratio for pellet burners is between 1,3 and 1,6. In the case of a low air
ratio, complete combustion cannot be achieved, which means that some of the fuel remain
unused or not entirely oxidized, leaving the combustion chamber in the form of carbon
monoxide (CO) or unburnt hydrocarbons (CxHy). On the other hand, excessive air ratio also
lowers the thermal efficiency of the device, because it lowers the combustion temperature,
i.e. the temperature of the flue gases, mainly due to the large amount of nitrogen from the
air, which is fed into the combustion chamber and heated to the combustion temperature.
Setting the air ratio for highest thermal efficiency is therefore always a compromise, between
providing complete combustion without excessive dilution of flue gasses with air. Because
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air from the environment is never completely dry and the conditions are constantly changing,
the actual amount of moist air at momentary conditions can be calculated with the
equation 5:
𝑉𝑎𝑖𝑟𝑚𝑜𝑖𝑠𝑡 = 𝑉𝑎𝑖𝑟−𝑎 ∙

𝑝𝑛

𝑇𝑎
𝑝𝑠𝑎𝑡 ∙ 𝜑 ∙ 𝑇
𝑛
𝑝𝑏 ± 𝑝ℎ𝑖𝑔ℎ/𝑙𝑜𝑤 + 100

pn … normalized air pressure [1,01325bar]
Tn … normalized temperature [273,15K]
pb … actual barometric air pressure [bar]
phigh/low…positive or negative pressure in air
intake manifold

(5)

Ta…actual air temperature [K]
φ…relative air humidity [%]
psat… water vapour saturated pressure at actual air
temperature [bar]

Combustion products (flue gas) during complete combustion are composed of CO2, H2O,
N2, and O2.
The volume of carbon dioxide:
𝑉𝐶𝑂2 = 1,8684 ∙

%𝐶
100

3

[𝑚 ⁄𝑘𝑔 𝑓𝑢𝑒𝑙 ]

(6)

The volume of water vapour due to hydrogen in the fuel:
𝑉𝐻2 𝑂(%𝐻) = 11,119 ∙

%𝐻 𝑚3
[ ⁄𝑘𝑔 𝑓𝑢𝑒𝑙 ]
100

(7)

The volume of water vapour from moisture in the fuel:
𝑉𝐻2 𝑂(%𝑚𝑜𝑖𝑠𝑡) = 1,244 ∙

%𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒𝑓𝑢𝑒𝑙 𝑚3
[ ⁄𝑘𝑔 𝑓𝑢𝑒𝑙 ]
100

(8)

The volume of water vapour from the humid air for combustion:
𝑉𝐻2 𝑂( %𝑚𝑜𝑖𝑠𝑡 𝑖𝑛 𝑎𝑖𝑟) = 𝑉𝑎𝑖𝑟−𝑎 ∙

%𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒𝑎𝑖𝑟 𝑚3
[ ⁄𝑘𝑔 𝑓𝑢𝑒𝑙 ]
100

(9)

where volumetric % of moisture in combustion air can be calculated as:
%𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒𝑎𝑖𝑟 =

φ … relative air humidity [%]
p … actual air pressure [bar]

𝜑 ∙ 𝑝𝑠𝑎𝑡
∙ 100
𝑝 − 𝜑 ∙ 𝑝𝑠𝑎𝑡

(10)

psat … water vapour saturated pressure at Ta [bar]
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The volume of nitrogen gas from nitrogen in the fuel:
𝑉𝑁2 ( %𝑁 𝑖𝑛 𝑓𝑢𝑒𝑙) = 0,7997 ∙

%𝑁 𝑚3
[ ⁄𝑘𝑔 𝑓𝑢𝑒𝑙 ]
100

(11)

The volume of nitrogen from the air for combustion:
𝑉𝑁2 ( %𝑁

2 𝑖𝑛 𝑎𝑖𝑟)

=

79,1
3
∙ 𝑉𝑂𝑡 ∙ 𝜆𝑎 [𝑚 ⁄𝑘𝑔 𝑓𝑢𝑒𝑙 ]
20,9

(12)

The volume of oxygen in flue gasses:
3

𝑉𝑂2 = 𝑉𝑂𝑡 ∙ (𝜆𝑎 − 1) [𝑚 ⁄𝑘𝑔 𝑓𝑢𝑒𝑙 ]

(13)

The flue gas volume per unit of fuel is the summation of all combustion products:
𝑉𝑑𝑝𝑙 = 𝑉𝐶𝑂2 + ∑ 𝑉𝐻2 𝑂 + ∑ 𝑉𝑁2 + 𝑉𝑂2

3

[𝑚 ⁄𝑘𝑔 𝑓𝑢𝑒𝑙 ]

(14)

Stoichiometric equations calculate the volumes of products and reactants under normal
conditions (pn = 1,01325 bar and Tn = 273,15 K) and the assumption of ideal combustion.
At real conditions of combustion, CO, NOx, VOC (volatile organic compounds), CxHy
(unburnt hydrocarbons) and powder particles (soot, flying ash) will also be present in minor
(ppm) concentrations in the flue gas.
Wood pellets chemical composition depends on the raw material. Elemental composition of
various wood species on a dry basis is given in table 2. The sulphur content is usually below
0,05%. Different parts of the tree (trunk, branches, bark, roots) also have differences in
chemical composition.
Table 2: Basic elemental chemical composition of various wood species
El.%
C
H
O
N
Beech
48,5-50,9
6,1-6,3 42,1-45,2 0,12-0,9
Spruce
50,3-51,4
6,1-6,3 41,6-43,1 0,1-0,9
Pine
49,5-49,6
6,3-6,4 44,0-44,4 <0,9
Oak
49,4-50,6
6,1-6,2 41,8-44,5 <1,2
Fir
50,4-51,3
5,9.-6,0 43,4-44,0 0,1-0,8
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3 EXPERIMENTAL WORK
3.1

VISUAL INSPECTION AND BULK DENSITY

Some simple tests, which do not require laboratory equipment, could be made to estimate
the quality of the pellets. Good quality pellets should have a smell of fresh-cut wood and
when burnt, the smell should be of firewood. Another test that could be easily done is the
check for the excessive amount of additives. When wood pellets are put into water, they
should disintegrate into sawdust in a minute. If not, larger amounts of additives are added or
improper raw material was used. By swirling the glass filled with water and disintegrated
pellets we can separate wood particles from heavier particles, which will sink to the bottom
and are usually metal particles or sand. If there is a large amount of it, it might be possible
that dust from a sanding machine has been added to the pellets. This increases the amount
of ash and the risk of slagging. The experimental work consisted of various tests to analyse
the variations between four types of wood pellets. The wood pellets were received in 15kg
plastic bags (figure 11).

Figure 11: Analysed wood pellets packed in plastic bags of 15kg (as-received)
Bulk density is an important quality parameter for designing storage and transportation
capacity. It also affects the operation of the feeding system and can be considered as an
empirical indicator whether the pellets are sufficiently pressed and/or of the correct length.
Standard SIST EN 17225-2 specifies requirement for bulk density of wood pellets to be more
than 600kg/m3 for all standardize classes. The bulk density measuring procedure consisted
of weighing the empty glass vessel of approximately 2lit volume, then the vessel filled with
water and finally vessel filled with pellets. The pouring height of water and pellets was
exactly to the upper rim of the vessel. Surplus of wood pellets, when poured over the top,
was removed by a ruler, which was shuffled over the vessel’s edge in sawing-like
movements. The bulk density was calculated by the equation:

19

Bulk density [

(𝑚𝑝 − 𝑚𝑣 ) ∙ 100
𝑘𝑔⁄
]
=
B.
D.
=
3
𝑚
(𝑚𝑤 − 𝑚𝑣)

(15)

mp … mass of vessel filled with pellets [kg]
mw … mass of vessel filled with water [kg]
mv … mass of empty vessel [kg]

3.2

PROXIMATE ANALYSIS OF WOOD PELLETS

3.2.1 Moisture content determination
In the energy industry sector, the moisture content of wood is defined as the mass of water
in wood relative to the weight of moist wood (calculated on wet basis) and is termed as the
wood water content or wood moisture content (M.%), while in wood processing industry, it
is defined as the mass of water in wood relative to the mass of absolutely dry wood and is
called the percentage of wood humidity u.%.
moisture content [%] = M =

wood humidity [%] = u =

(a − b) ∙ 100
a

(a − b) ∙ 100
b

(16)

(17)

a … mass of wood pellets before drying [g]
b … mass of wood pellets after drying [g]

Since there are significant differences at higher values (figure 12) these two terms must not
be confused.

Figure 12: Comparison between moisture content in wood and wood humidity
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The method for determining the water content is defined by the standard SIST
EN 14774-3:2010 by the following procedure. Weigh a minimum of 1 g ± 0,1 mg of the
sample into a pre-dried crucible with the lid. Dry the sample in an oven at 105 ° C ± 2 ° C
until it reaches a constant mass. Mass stability is achieved when the weight does not change
by more than 0,2 % over a time interval of 60 minutes. As a rule, it is sufficient for two to
three hours drying. After drying, the sample must be weighed in less than 15 seconds. For
precise measurement also differences in mass of crucible at both temperatures should be
taken into consideration. The moisture content is calculated using equation 18 and the result
is given to 2 decimal places.
water content [%] = M =

(m2 − m3 ) − (m4 − m5 )
∗ 100
(m2 − m1 )

(18)

m1 ... mass of empty crucible
m2 ... mass of the crucible with the sample before drying
m3 ... mass of the crucible with the sample after drying
m4 ... mass of the reference crucible before drying at room temperature
m5 ... mass of the reference crucible after drying at drying temperature

The masses of the samples for each individual analysis were measured by laboratory
precision balance KERN&Sons Gbmh, Model ABJ 220-4, with the reproducibility of 0,1 mg
and linearity of ±0,2 mg.

Figure 13: Wood pellets sample in glass crucible (left), Samples for moisture content
determination in a desiccator (right)
The preparation started by weighing the empty pre-dried glass crucibles. Approximately
three grams of wood pellets were weighed for each sample and six samples of each wood
pellet type were made (figure 13).
Samples were dried in an open crucible at a temperature of 105 ºC +/- 2ºC for three hours.
Crucibles were closed inside the dryer to prevent absorption of air moisture and weighed
immediately after drying.
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3.2.2 Ash content determination
During combustion, combustible fuel components oxidize and form flue gas, while noncombustible matter remains in the solid state. The residue after burning is called ash. It
consists of oxide minerals whose main elements are: Ca, K, Mg, Fe, Mn, Al, Na and Si. The
average chemical composition of ash resulting from burning wood pellets is given in Table 3
(without oxygen). The percentage of ash in solid fuels is important in terms of calorific value
of the fuel because it represents ballast which does not release any energy, increases cleaning
frequency of the combustion chamber and chimney, and emissions of particulate matter. In
any case, the ash content is not desirable. For high-quality wood pellets, ash content must be
below 0,7%.
Table 3: Wood pellets, average elemental composition of ash
Element Ca
K
Mg
Fe
Mn
Al
Na
w.[%]

49,6

28,9

7,3

3,0

2,9

2,5

2,2

Cl

Si

Ba

1,2

0,9

0,6

The ash content is the ratio between the mass of the residue (ash) after combustion and the
initial mass of the fuel before combustion. The method for determining the ash content is
defined by the SIST EN 14775: 2010 standard. The ash content is determined by the
following procedure. Weigh a minimum of 1 g ± 0,1 mg of the sample into a porcelain cup,
which was previously dried at 105 °C and cooled in a desiccator. Place the sample in a cold
furnace, heat to 250 °C and anneal for 60 min, then continue heating up to 550 °C and hold
at that temperature for 120 minutes. After annealing, the sample must be immediately
transferred to the desiccator and again weighed after cooling. Complete oxidation is reached
when there is no residue of charcoal (black particles) in the ash, which is verified by mixing
the ash with a platinum wire. The ash content (dry basis) is given in weight percentages and
calculated according to the equation 19:
𝑎𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 [%] =

𝑏 ∙ 100
100
∙
𝑎
100 − M

(19)

a ... fuel mass [g]
b ... ash mass [g]
M .. water content [%]

To measure the proportion of ash I weighed 3 g ± 0,1 mg of each sample in a pre-dried and
weighed porcelain crucible (figure 14). Six samples for each wood pellet type were made.
Samples were heated to the final temperature of 550 °C according to the prescribed
procedure described in the standard SIST EN 14775: 2010. Since after the first experiment,
some black particles were visible in the ash, the annealing time at 550 °C was extended to
three hours. The ash content was determined according to the equation 18. Since the content
of water is taken into account in the calculation of the ash content, moisture content was
measured before the ash determination.
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Figure 14: Prepared samples for ash content determination
3.2.3 Volatile matter and volatile solids determination
The volatile matter content is determined as the loss of mass when the wood pellets are
heated to a specific temperature in an atmosphere without oxygen. The test is empirical and
must be done in standardized conditions, in order to ensure reproducible results. Biomass
volatile matter means products of decomposition of organic combustible substances in the
solid fuel. The method for determining the volatile matter content is defined by the standard
SIST EN 15148: 2010 and must be provided by the following procedure. Weigh a minimum
of 1g ± 0,1 mg of the dry sample into a special ceramic crucible with an impermeable lid.
The crucible shall be cylindrical, with well-fitting lid, both of fused silica. The fit of the lid
on the crucible is critical to the determination and a lid shall be selected to match the crucible
so that the horizontal clearance between them is no greater than 0,5 mm. Put the crucible in
an oven, heated to 900 ± 10 °C for 7 minutes, and then rapidly transfer to the desiccator after
annealing, cool and weigh. Furnace heat capacity must be such that, with an initial
temperature of 900 °C ± 10°C, the temperature is regained within 4 min after insertion of a
crucible with tested sample. The proportion of volatile substances is calculated according to
equation 20. When determining the volatility of the sample, we must pay attention to the rate
of heating, as in the case of faster heating the volatile part is slightly higher than in the case
of slow heating. A suitable heating rate is between 225 °C/min to 300 °C/min. Volatile
matter expressed as a percentage by mass on the as-received basis is given by the equation
20:

𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑚𝑎𝑡𝑡𝑒𝑟 [%] = (

100 ∗ (𝑚2 − 𝑚3 )
− 𝑀)
𝑚2 − 𝑚1

(20)

m1 … mass of the crucible with lid [g]
m2 … mass of the crucible with lid and test sample before heating [g]
m3 ... mass of the crucible with lid and test sample after heating [g]
M .... water content of the sample [%]

To measure the amount of volatile matter three samples of each wood pellet type were
weighed (mass 1g +≈0,1g) in a pre-dried fused silica crucible (figure 15) with a precision of
0,1mg. Samples were heated to the final temperature of 900 °C ±10°C for 7 min according
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to the prescribed procedure (SIST EN 15148: 2010). In the literature13 procedure for volatile
solids is described where samples are heated to 550 °C for 7 min. To determine whether
there are any differences in the results obtained by these two procedures, the determination
of the volatile content was also carried out according to this procedure.

Figure 15: Electrical resistant heated furnace (left), fused silica cup (right)
3.2.4 Fixed carbon
Combustible substances in the fuel can be divided into volatile and non-volatile
substances (figure 16). Non-volatile combustible substances consist of remaining charcoal
and ash after devolatilization of the sample and can be calculated from the previously
measured ash content and the proportion of volatile matter using equation 21:
𝐹𝑖𝑥𝐶[%] = 100 − 𝑎𝑠ℎ% − 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑚𝑎𝑡𝑒𝑟% − 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒%

(21)

Figure 16: Proximate analysis: Division of wood mass
3.3

CALORIFIC VALUES

3.3.1 Gross calorific value
Gross calorific value (GCV) also named higher heating value (HHV), higher calorific
value (HCV) or upper heating value (UHV) of the fuel is defined as the total amount of heat
released when a unit of fuel completely reacts with oxygen and combustion products (flue
gases) are returned to the initial temperature (20 °C) of the fuel and air before combustion.
It is particularly important that water vapour, released by combustion of hydrogen and fuel

24

moisture evaporation, is condensed. GCV considers latent heat of vaporization as part of the
calorific value, assuming that all the water vapour released during combustion is condensed
into a liquid form.14 It could be calculated from elemental chemical composition of the fuel,
but the results can differentiate from measured values considerably, because we don’t know
the exact amounts of all chemical compounds that these elements form in the fuel. One of
the most often used equations is:
GCV =

1
∙ (0,3491 ∙ %𝐶 + 1,1783 ∙ %𝐻 + 0,1005 ∙ %𝑆 − 0,0151 ∙ %𝑁
100
𝑀𝐽
− 0,1034 ∙ %𝑂 − 0,0211 ∙ %𝑎𝑠ℎ𝑙) [ ]
𝑘𝑔

(22)

3.3.2 Net calorific value
Net calorific value (NCV) also termed as low calorific value (LCV) or lower heating
value (LHV) is defined as the quantity of heat energy released when a unit of fuel is
combusted under similar conditions as for GVC and flue gases cooled to the initial
temperature, but the water vapour remains in the gaseous state. The difference between gross
calorific value (GCV) and net calorific value (NCV) is in the amount of heat released due to
condensation of water vapour in the flue gases.15 Approximately can be calculated by
equation 23, but this eq. does not take into account heat of water vapour condensation
released by hydrogen combustion (bonded in fuel as CxHy):
NCV =

GCV ∙ ( 100 − %𝑀) − 2,444 ∙ %𝑀
100

[

𝑀𝐽
]
𝑘𝑔

(23)

%M …fuel moisture content [%]

Gross calorific values of sampled wood pellets were measured by bomb calorimeter
IKA C 200 (figure 17). The experiment was repeated three times for each analysed wood
pellet brand in as-received state, and to evaluate if the moisture content has an influence on
GVC also three times for samples in moisture free state. The samples were dried according
to the procedure for moisture content determination.

Figure 17: Calorimeter system IKA C200 (left) and decomposition vessel C 5010 (right)
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The procedure for determining the calorific value with the calorimeter system IKA C200
was as follows. First, approximately 0,5 g ± 0,1g of wood mass were weighed together with
the combustion crucible for each sample, with a precision of 0,1 mg. The combustion
crucible was mounted on decomposition vessel crucible holder, and the fuel connected with
the ignition wire by cotton thread (figure 18). Decomposition vessel was filled with pure
oxygen (99,95%) to 25 bars, and checked for leakage by immersing it into water. After
inserting it into the calorimetric system inner vessel, the systems’ tank was filled with 2 liters
of tap water (figure 19). It is important that water has uniform temperature (20 - 22 °C)
otherwise the system reject the measurement.

Figure 18: Sample connected with the ignition wire by cotton thread.

Figure 19: a) test for leakage b) calorimeter bomb filled with oxygen (oxygen station C 248)
c) filling the calorimeter system with tap water d) bomb with ignition adapter mounted in
the Calorimeter system inner vessel.
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It is recommended that calorimeter system is calibrated regularly (every month) and
particularly after maintenance services. This is done by combusting a tablet of certified
benzoic acid (C 723), with a known gross calorific value of 26460 J/g. The system heat
capacity value ’ C ’ is calculated by the following equation:
𝐶=

(𝐻𝑠𝑏 ∙ 𝑚 + 𝑄𝐸𝑥𝑡.1 + 𝑄𝐸𝑥𝑡.2 )
𝑑𝑇

(24)

Hsb …. GCV of certified benzoic acid (26460J/g)
m …. Mass of the benzoic acid tablet [g]
QExt1.. Correction value for the heat energy generated by the cotton thread as ignition aid [50 J]
QExt2.. Correction value for the heat energy generated by the other burning aids (if used) [J]
dT …. Calculated temperature increase of the calorimeter system [K]

All calorific value measurements were made by automatic isoperibol method. The system
calculates the specific calorific value by the equation:
𝐻𝑠 =

(𝐶 ∙ 𝑑𝑇 − 𝑄𝐸𝑥𝑡.1 − 𝑄𝐸𝑥𝑡.2 )
𝑚

(25)

Hs … Gross calorific value [J/g]
C …. Calorimeter system heat capacity constant [J]
dT…. Calculated temperature increase of calorimeter system [K]
m …. Sample mass [g]
QExt1.. Correction value for the heat energy generated by the cotton thread as ignition aid [50 J]
QExt2.. Correction value for the heat energy generated by the other burning aids (if used) [J]

Heat (100 J) released due to ignition energy is automatically included in the calculation.

27

4 RESULTS AND DISCUSION
4.1

VISUAL APPEARANCE AND BULK DENSITY

By visual appearance, some dissimilarities could be recognized. The first thing which can
be noticed is the colour of wood pellets. Sample 2 and 4 are darker in outer surface and crosssection surface (figure 20).

Figure 20: Wood pellet samples
After examining the crushed samples through the low magnification microscope, we found
out that samples 2 and 4 have much higher amount of bark (figure 21), which could be
considered as a sign of a lower quality of these wood pellets.

Figure 21: Crushed wood pellets (magnification x 6,7)
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Bulk density measurements show that samples 1, 2 and 3 have a bulk density over 600 kg/m3
while sample 4 has lower than 600 kg/m3 (table 4; figure 22). Quality standards require a
minimum bulk density of 600 kg/m3, which means that sample 4 does not reach prescribed
values for standardization. Lower bulk density relates to lower material compressibility
during production or improper technological parameters, and is usually also a sign of lower
durability.
Table 4: Bulk density of analysed wood pellets (as-received)
sample
Meas.No
1
638
1
636
2
625
3
633
average

sample
2
634,8
637,9
619,8
630,83

sample
3
614,8
622,9
610,3
616

sample
4
582,7
595,8
582,2
586,9

Figure 22: Bulk density of analysed wood pellets (as-received)
4.2

MOISTURE CONTENT

The moisture content in wood pellets influences their lower calorific value and life time
stability during storage. If the moisture content is above 15%, the conditions for the
development of fungi and molds are created, and therefore the conditions for their biological
degradation. In addition to the production, transport and storage also influence the moisture
content. Namely, wood pellets are hygroscopic and are therefore prone to moistening with

29

the humid air. Standards prescribe a maximum moisture content below 10% for all quality
classes. Results of our measurement show that all analysed wood pellets fulfil this
requirement (table 5, figure 23).
Table 5: Moisture content of analysed wood pellets (as-received)
sample
Meas.No
1
6,55
1
6,51
2
6,42
3
6,46
4
6,55
5
6,43
6
average
6,49

sample
2
7,81
7,77
7,79
7,73
7,67
7,75
7,75

sample
3
7,27
7,32
7,22
7,30
7,28
7,32
7,28

sample
4
6,93
6,78
6,82
7,33
7,28
7,27
7,07

Figure 23: Moisture content (as-received) of analysed wood pellets
4.3

ASH CONTENT

Ash content determination experiments were made at first by annealing at 550 ºC for two
hours. After visual inspection of remaining ash (for any unoxidized residuals left), we
decided to prolong exposure time to three hours. In the table 6 we can see that we obtained
slightly different results depending on the time of exposure at 550 °C, but the results are not
statistically significantly different, except for sample 1, were slightly lower percentage of
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ash was measured. We attribute this to the fact that wood biomass has not been completely
oxidized when exposure time was set to 2 hours. Even if the results may be slightly different
we can conclude that samples 1 and 3 accomplish the demands of quality A1 standard (the
ash content below 0,7%), whereas samples 2 and 4 fulfil A2 class requirements (<1,2% of
ash content).
Table 6: Ash content after annealing at 550 ºC for 2 hours or 3 hours (as-received)
Wood pellet
% Ash
% Ash
sample
550°C/2h
550°C/3h
1
1
1
average
2
2
2
average
3
3
3
average
4
4
4
average

0,365
0,337
0,338
0,35
0,932
0,937
0,893
0,92
0,357
0,348
0,389
0,36
0,872
0,951
0,994
0,94

0,295
0,305
0,258
0,29
0,915
1,084
0,866
0,96
0,369
0,355
0,378
0,37
0,968
0,903
0,932
0,93

Figure 24: Ash content of analysed wood pellets (dark blue, orange and grey columns
550°C/2h; yellow, light blue, and green columns 550°C/3h)
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4.4

VOLATILE MATTER CONTENT

From the results we can see, that annealing temperature has a significant effect on
determined volatile matter content. On average 6,6±0,2% lower amount of volatiles was
measured when annealing temperature was set to 550°C. The experiment using various
crucibles also show substantial difference in determined amount of volatile content.
Approximately constant 2% higher yield was obtained when Platinum crucible was used
(tables 7, 8).
Table 7: Volatile matter content (as-received, 900°C/7min)
Volatile matter 900°C/7min Fused silica crucible

Volatile matter 900°C/7min Platinum crucible

Meas.No sample 1 sample 2 sample 3 sample 4 Meas.No sample 1 sample 2 sample 3 sample 4
1
80,07
76,81
79,15
77,95
1
81,82
78,55
80,92
79,70
2
79,70
76,47
78,85
77,59
2
81,43
78,26
80,74
79,70
3
79,86
76,52
78,96
77,68
3
81,66
78,48
80,74
79,89
average
79,87
76,60
78,99
77,74
average
81,64
78,43
80,80
79,77

Table 8: Volatile solids content (as-received, 550°C/7min)
Volatile solids 550°C/7min Fused silica crucible
Volatile solids 550°C/7min Platinum crucible
Meas.No sample 1 sample 2 sample 3 sample 4 Meas.No sample 1 sample 2 sample 3 sample 4
1
73,99
70,65
73,12
71,75
1
75,86
72,22
74,80
73,54
2
73,60
70,28
72,72
71,28
2
75,46
72,27
74,85
73,78
3
73,71
69,97
72,72
71,47
3
75,68
72,15
74,92
74,00
average
73,77
70,30
72,85
71,50
average
75,67
72,21
74,86
73,77

Figure 25:Volatile matter content in analysed wood pellets (as-received)
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4.5

FIXED CARBON CONTENT

Table 9:Fixed carbon calculation (as-received basis)
Parameter\sample
sample 1
sample 2

sample 3

sample 4

Moisture

6,49

7,75

7,28

7,07

Ash (550°C/3h)

0,29

0,96

0,37

0,92

(fused silica crucible)

79,87

76,60

78,99

77,74

Fixed carbon

13,35

14,69

13,36

14,27

Volatile matter 900°C

4.6

CALORIFIC VALUES

All analyzed samples exceed the net calorific value specified by the standard
(16,5MJ/kg). Results of moisture content, calculated based on average GCV of as-received
and moisture-free samples (dried at 105 °C/2h; table 9) and measured, using oven-dry
method (table 5), correspond quite well (rounding error). As expected, higher ash content is
reflected in lower gross calorific value.
Table 10: Gross calorific values of as-received and dried (moisture-free) samples
Wood pellet
Gross calorific Gross calorific
% of
Net calorific
sample
value [J/g]
value [J/g]
moisture
value** [J/g]
(as-received
(dried
content*
samples)
samples)
1
18882
20324
17656,4
1
19064
20309
17826,6
1
19068
20292
17830,3
6,42
Average
19005
20308
17771,1
2
18407
19874
16980,3
2
18472
20027
17040,2
2
18562
19874
17123,3
7,25
Average
18480
19925
17047,9
3
18606
20030
17251,3
3
18643
20035
17285,6
3
18616
20022
17260,6
Average
18622
20029
7,03
17265,8
4
18391
19929
17090,6
4
18450
19931
17145,4
4
18607
19821
17291,3
Average
18483
19894
7,09
17175,8
* % of moisture content is calculated by the equation: %𝑀 = 100 ∙ (1 −

𝐺𝐶𝑉𝑎𝑟
𝐺𝐶𝑉𝑑𝑟𝑦

)

** approximate NCV was calculated using eq. 23 considering GCV of the as-received sample and average
sample moisture content determined in chapter 4.2
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5 CONCLUSIONS
•

By visual appearance, some dissimilarities could be recognized. The darker outer
surface does not necessarily mean lower quality, but if also the surface of the fracture
is darker, this may indicate the presence of poorer quality wood.

•

The presence of bark or unwanted particles can be detected by examining crushed
wood pellets with a lens or low magnification microscope. Both samples in which
we found the presence of the bark also have a higher proportion of ash.

•

The presence of sand and metal particles can also be detected by dissolving wood
pellets in water and by examining sediment.

•

Quality standards require a minimum bulk density of 600 kg/m3. Sample 4 did not
reach that prescribed value.

•

According to quality standards, moisture content must not exceed 10 %. All analysed
wood pellets meet this requirement.

•

Higher percentage of ash in wood pellets is not desired because reduces their calorific
value which was also confirmed by our measurements. Furthermore, higher ash
content increases cleaning frequency of combustion chamber and chimney.
According to SIST EN 17225-2 standard, samples 1 and 3 classified as A1 (<0,7%),
while samples 2 and 4 as A2 (<1,2%) class.

•

Annealing temperature has a significant effect on determined volatile matter content.
On average 6,6±0,2% lower amount of volatiles was measured when the annealing
temperature was set to 550°C. When presenting measured volatile matter data
temperature must be specified. Comparison of the results measured at different
temperatures is not relevant.

•

The experiment using various crucibles also show a substantial difference in the
determined amount of volatile content. Approximately constant 2% higher yield was
obtained when Platinum crucible was used. When measuring volatile matter content
crucible type is important. Comparison of the results measured with different
annealing crucibles is not relevant.

•

All analyzed samples in the as-received state exceed the net calorific value specified
by the quality standard (>16,5MJ/kg). Higher ash and moisture content are reflected
in lower calorific values.
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