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Foreword 
 

Wood Pellet Association of Canada wishes to thank Ethanol BC for funding the 
development of this Report and part of the underlying research. Using Bark as a 
raw material for pellet making has been discussed for many years by pellet 
producers in British Columbia. However, it has been held back due to the 
uncertainty regarding the consequences in terms of adaptation of the 
manufacturing process, handling characteristics of the pellets and the acceptability 
by the clients. The findings in this Report clearly indicate the feasibility of using 
Bark as well as Harvest Residue, with considerations for the short-comings 
clearly defined in this Report. Much of the short-comings are not essential for 
some clients and for others there are mitigation technologies available.  
 
The funding has made it possible to document in concise form what needs to be 
considered when using Bark. Wood Pellet Association of Canada is hoping 
through its members to better use Bark as a valuable resource. 
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1. 
This report concludes the research conducted by the Wood Pellet Association of Canada 
under the contract signed with Ethanol BC on July 19, 2007 with the primary objective to 
explore potential new materials to be used for pellet making. The research has been 
conducted as a combination of literature studies, interviews with hands on operations 
people and researchers in Europe and North America with experience related to Bark and 
Bark pellets, in combination with work done at University of British Columbia. The 
subject is extensive and it has been necessary to limit the documentation but still cover 
the most essential aspects in order for the reader to get a comprehensive understanding of 
the issues involved in using Bark versus White Wood for pellet making. Since White 
Wood pellets are well known, most of the data for Bark pellets is presented in 
comparison with White Wood pellets. The report offers a review of the subject starting 
with the characteristics of the components of a tree with a brief comparison with other 
types of biomass. Densification of the raw material, including Bark and White Wood as 
well as blended material is covered in some detail as well as the safety in handling of 
pellets. Conversion of Bark pellets and White Wood pellets to energy and related 
considerations such as difference in calorific value and corrosivity during combustion are 
also covered in some detail.  

Executive Summary 

 
The conclusion is that Bark is a good raw material for pellet making since it produces a 
mechanically stabile pellet with higher calorific value than White Wood. However, it has 
generally higher chlorine and sulphur content which both tends to cause harmful 
emissions and also generate corrosion in the hot regions of the furnace and in the flue gas 
channel when combusted. However, there are mitigation technologies such as ammonia-
slipping as well as sulphur slipping developed to overcome these impediments.   
 
Bark also has considerably higher ash content which generates clinker in the furnace and 
thereby tends to cause more maintenance. The increased ash content also generates more 
particulate emissions.  
 
Care has to be taken when sourcing Bark to make sure it does not become contaminated 
during the collection process. High level of silica can easily become a problem in terms 
of developing clinker and slag during combustion.  
 
Hammer milling of Bark generates more airborne dust compared to White Wood. Dust 
from pellets is highly explosive, with the dust from Bark having substantially higher 
explosive pressure.  Proper design of storage facilities and dust suppression systems is 
essential in order to decrease the fairly high rate of explosions and fires experienced by 
the pellet industry.  
 
Harvest Residue contains a lot of Bark which has a lot of lignin and therefore pelletizes 
well and has high calorific value. However, it also needs the same considerations as 
regular Bark pellets as mentioned above.  
 
All in all, Bark and Harvest Residue are expected to enter the densified fuel market and 
have a much significant impact than has been seen so far.  
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2. 

The increased demand for raw material for production of wood pellets, which 
traditionally has been manufactured from saw dust and planer shavings, has resulted in an 
increased interest in using Bark, Harvest Residue and Agro-material as raw material. 
Local shortage or somewhat unreliable availability of White Wood fibre due to the 
cyclical variations of lumber production is impacting the large pellets producers, which to 
a large extent is committed to long term supply of pellets to large energy producers. 
Supplementing the supply of White Wood material with Bark seems like a natural 
progression although it has to be done with some consideration for the differences in 
physical and chemical characteristics.  

Introduction 

 
Pellets for energy conversion have already been produced from Bark as well as from 
Agro-materials although such pellets have had a lower acceptance in the market place. 
This study is intended to highlight the pros and cons with pellets for energy conversion 
manufactured primarily from Bark.  
 
The research for this Report has been conducted partly at University of British Columbia 
(UBC), Department of Chemical and Biological Engineering and partly as a literature 
study of the latest research in Europe related to the use of Bark as a feedstock for 
production of wood pellets for energy production. Additional input has been provided by 
MacTara (now Enligna) in Nova Scotia (member of the WPAC) based on their 
production of pellets primarily from spruce bark.  
 
Most of the data in the Report is related to species of wood growing in British Columbia 
although some data is from Eastern Canada and Scandinavia. The difference in the 
characteristics is not deemed to have a significant affect on the discussions or the 
conclusions in this Report since it is addressing the more generic aspects of using Bark as 
a feedstock for pellet making.  
 
Evaluation of the suitability of Bark as a raw material for manufacturing pellets include 
the mechanical handling properties of the raw material, the thermal properties during the 
pellets manufacturing as well as the chemistry involved during the energy conversion of 
the pellets. Since White Wood as a raw material for pellet making is the most common 
the Report is covering the Bark and White Wood in close comparison.  
 

3. 
The structure of the various wood components is substantially different and has a direct 
impact on the suitability for various applications. A quick review of the components of a 
generic tree may therefore be appropriate.  

The Structure of Trees 
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    Picture 3.1 
 

Wood consists mainly of four components; trunk, branches, bark and needles. The ratio 
differs between species. Table1

Table 3.1 Typical Composition of Tree Components 

 3.1 indicates the relative weight distribution for mature 
pine and spruce in Scandinavia (similar to what we have in most parts of Canada).  
 

Species Cellulose Hemi-cellulose Lignin Extractives Ash 
Pine (70 years old) 
Trunk 41 27 28 3 1 
Bark, inner 36 26 29 5 4 
Bark, outer 25 20 48 3 4 
Branches 32 32 31 4 1 
Needles 29 25 28 13 5 
Spruce (110 years old) 
Trunk 43 27 28 1 1 
Bark 36 20 36 4 4 
Branches 29 30 37 2 2 
Needles 28 25 35 7 5 
All numbers are % of bone dry material 
 
A typical tree has a distribution of the four main compounds (cellulose, hemi-cellulose, 
lignin and extractives) as illustrated in Table 3.2. The ash is distributed throughout all 
components although the bark has the highest concentration.  
 

                                                
1 Eskilsson, S  & Hartler, N. 1973. Lagringshandbok för trädbränslen, Päivi Lehtikangas, SLU, 1999, ISBN 
91-576-5564-2. 

 
 
 
 

 

Trunk 65 – 80 % 

Branches 7 – 15 % 

Needles 3 – 8 % 

Bark 3 – 8 % 
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Table 3.2 Typical Average Composition of Wood (% of bone dry material) 
Species Cellulose Hemi-cellulose Lignin Extractives 
Aspen 40 30 19 2 
Birch 41 32 22 3 
Spruce 42 28 27 2 
Pine 40 28 28 4 
 
The hemi-cellulose content is somewhat higher in deciduous species. The lignin content 
is substantially higher in coniferous species. The cellulose content is almost the same in 
deciduous and coniferous species.  
 
The cellular structure of wood is affecting not only the physical behaviour but also the 
chemical conversion mechanism during exposure to heat. The following picture2

 

 
illustrates the structure of softwood although there are some differences between species. 

                                                
2 http://www.skogsindustrierna.org/LitiumInformation/site/page.asp?page 9  

heartwood 
core 

phloem 
epidermis 
annual ring 

earlywood 
latewood 
resin canal 

splint wood 
cambium 

http://www.skogsindustrierna.org/LitiumInformation/site/page.asp?page%209�
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     Picture 3.2 
 

 
It is useful to understand the fundamentals of how a tree works when predicting the 
seasonal characteristics of wood material and the way contaminants are accumulating. 
Liquids are transported in two directions within a tree, upward and downward. The water 
transport upward from the root takes place within open channels called lumen in some of 
the tracheids (90 % of the wood consists of tracheids), primarily located in the splint 
wood. The cell walls of the tracheids consists of long cellulose cells which in turns are 
bundled together (sometimes called fibrils) and twisted with an angle like ropes in 
clockwise and counter clockwise directions. The hemicelluloses are surrounding the 
individual fibril. There may be 40-160 layers of fibrils in a cell wall (see Figure 2.1 for 
more details3

 
 

).  
 

The tracheids in the splint wood carrying the water and nutrients are also called 
parenchyma cells. This upward flowing water also brings with it the minerals from the 
surrounding soil and these minerals may sometimes crystallize in the parenchyma, or in 
some cases silica crystals from the soil may even be transported up the channels and 
become deposited due to capillary forces. Some species in southern regions with fast 
growing trees may in some cases accumulate substantial amount of crystallized minerals 
in the wood and causing serious wear of machinery during hammer milling and pellet 
extrusion. A growing tree has approximately 50 % average water content with variations 
from 35 to 65 % between winter and summer. There is also a substantial difference in the 
water content between the heartwood, splint wood and cambium with the water content 
increasing outward. The water content in the splint wood is close to 100 %. The lowest 
                                                
3 Patrick Bergman, Mark Prins, Torrefaction for entrained-flow gasification of biomass, ECN-C-05-067, 
July 2005. 
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water content is during spring when transpiration starts in combination with frozen 
ground conditions. The average water content is also different between species as well as 
between hardwood and softwood. The seasonal variations are typically larger in 
hardwood. Approximately 75 % of the water is free water within the lumen of the 
tracheids in the splint wood. The rest is chemically bound in the cells. Outside the splint 
wood is the cambium which is the growth layer within the tree and produces cellulose 
cells inwards and cork cells towards the bark. The cambium is on the outside surrounded 
by the phloem, sometimes called the inner bark, and is transporting the nourishment 
(carbohydrates generated through photosynthesis in the green substance of the tree) 
downward through the truck for distribution throughout the tree. Table4

Table 3.3 Typical Average Moisture Content of Wood Components 

 3.3 summarizes 
typical average moisture content in various tree species.  
 

Species Trunk Bark Branches 
Pine 45 – 60 35 – 65 51 – 56 
Spruce 40 – 60 45 – 65 42 – 46 
Birch 35 – 50 50 (outer bark 15 – 20)  39 – 44 
Sallow 35 – 45 45 – 55 stickling 40 – 50  
Aspen 35 – 50   
Alder 45 – 50 45 – 55  
Oak 40 – 45   
Beech 40 - 45   
 
Carbohydrates 
The cellulose molecules consist of long chains of glucose molecules and a single 
cellulose molecule may consist of 8,000 – 10,000 glucose molecules.  
 
The cellulose in wood is surrounded by hemi-cellulose which gives it resilience to stress 
as well as flexibility. The hemi-cellulose also consists of glucose molecules plus other 
simple saccharides (mono-saccharides) such as xylose, galactose, arabinose, mannose etc. 
and typically has chains of up to 200 glucose/saccharide molecules. 
 
Lignin 
Lignin is generated from phenyl-propane5

Extractives are a collective name for a large group of compounds consisting of terpenes, 
waxes, phenols and lipids (fats). The detailed function of extracts in wood is not fully 
understood although it is clear they do not contribute to the mechanical characteristics of 

 molecules and is not a carbohydrate. The 
detailed structure is still not totally understood. Lignin occurs in wood between 
individual cells as a binding agent but also within the cell walls as an imparting agent 
between cellulose and hemi-cellulose and provides rigidity and dimensional stability to 
the wood. Lignin is particularly found in compression sections of wood. 
 
Extractives 

                                                
4 Päivi Lehtikangas, Lagringshandbok för trädbränslen,  SLU, 1999, ISBN 91-576-5564-2. 
5 John Haygreen, Forest Products and Wood Science, An Introduction, Second Edition, 1989, ISBN 0-
8138-1801-X 
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the wood. Extractives are generated in the epithelial cells (specialized parenchyma) and 
are lining the resin canals. Extractives flow in the resin canals in the wood almost like a 
lymphocytic liquid to fend off attacks by insects or heal injuries penetrating the tree 
inside the bark. The viscosity varies between the extractives and fill different functions as 
part of the defence mechanism. Some are believed to be toxic to certain insects or 
animals, others are simply rejecting attacks by means of emitting odours and others 
become reactive when exposed to air and become a sealant when mixed during oxidation. 
Extractives are emitted or evaporate from wood at temperatures well below 0 oC and 
become increasingly volatile at higher temperatures. Some extractives are captured in 
wood or converted to derivatives with relatively high boiling point and remain in wood 
material even after pelletization. Evaporation and subsequent condensation of such 
extractives and derivatives have been observed in poorly ventilated storage bins for wood 
pellets at temperatures in the range of + 60 oC to + 70 o
 

C.  

4. 
Wood pellets have been traded as a fuel commodity in North America as well as in 
Europe for the last 30 years. Initially the pellets were manufactured using machinery and 
techniques copied from the agriculture animal feedstock industry. Since the middle of 
1990 more ruggedized versions of machinery has been introduced to better withstand the 
more resilient ligno-cellulose material such as softwood and hardwood used today in 
most pellets. 

Comparison of Raw Materials for Manufacturing of Pellets 

 
Pellets are being manufactured from the following materials; 

- whitewood species (saw dust and planer shavings) 
- hardwood species (saw dust and planer shavings) 
- bark from whitewood (smaller volumes) 
- demolition wood (on an experimental basis for the industrial market in The 

Netherlands and Germany using binders such as starch and polyethylene 
- purposely grown species (energy crop) such as poplar, salix etc. (being tested in 

large scale in Sweden) 
- agro-residue (being tested in limited scale) 
- straw (being tested in large scale in Denmark) 

The European CEN/TS 14961:2005 is specifying biomass and biomass fuel products in 
quality categories.  
 
The major parameters determining the applicability of biomass and subsequent pellets for 
conversion to heat are: 

- total ash content 
- fusion temperature of the ash 
- chlorine content 

 
Table 1. summarizes the ash content in some of the more common materials 
experimented with for making pellets. The information is collected from a large number 
of sources and the numbers are only indicative. It should be noted that more then 80 % of 
all pellets produced in the world at this time comes from white softwood and the balance 
from hardwood and a very small volume from softwood Bark. 
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Table 4. Typical ash content in raw bio-materials 

Material Ash content in % of weight 
Softwood  0.3 - 0.7 
Softwood bark 2.5 - 4.0 
Softwood harvesting residue 1.7 - 3.0 
Douglas Fir bark 1.2 – 1.5 
Hardwood 0.5 - 2.5 
Hardwood bark 3.3 - 4.5 
Eucalyptus 0.7 - 1.2 
Poplar and salix 1.4 - 4.5 
Demolition wood 3.5 - 16.0 
Kraft paper reject 10.5 - 27.0 
Talloil 0.4 - 0.7 
  
Straw 4.0 - 6.0 
Grass (canary grass, switchgrass) 2.5 - 10.0 
Hemp 5.5 - 6.5 
Grain 3.0 - 4.5 
Grain cleaning reject 1.5 -13.5 
Peat 1.6 - 9.0 
  
Olive cleaning reject 0.5 - 16.5 
Cocoa beans 5.5 - 10.5 
Citrus reject 4.5 - 9.5 
Rice husks 12.0 - 18.0 
Palm kernels 3.5 - 5.5 
  
Municipal sewage condensate 35.0 - 50.0 
Manure 16.0 - 42.0 
Meat and bone reject 15.5 - 30.0 

 
From the above data it is obvious why softwood and hardwood are the main feedstock for 
pellets. However, many of the other materials are available in large volumes in some 
parts of the world and will be utilized in large scale production of pellets and converted to 
heat in the larger power stations with sophisticated filtering systems to catch the fly-ash 
(particulates). 
 
The rapidly escalating demand for pellets as a fuel in Europe will drive development of 
lesser quality pellets forward. The market for higher quality white pellets will likely 
migrate towards the more demanding residential users or smaller size energy conversion 
systems. However, the current R&D is to a large extent directed towards upgrading of 
lower quality raw material to high quality pellets and it is a matter of how soon new 
technologies will come on-line.  
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An important factor determining the market potential for biomass feedstock is the 
corrosion on mild steel during combustion. The corrosivity is a reflection of the chemical 
constitution of the feedstock and is linked to the ratio between basic and acidic salts 
generated during combustion in combination with the ash fusion temperature. As can be 
seen in the CEN/TS 14961:2005 Standard there are some significant differences between 
material used for White Wood pellets and Bark pellets.  

- virgin Bark has somewhat higher calorific value primarily due to higher carbon 
and lower hydrogen content 

- virgin Bark has significantly higher content of alkali-metals (such as potassium 
and sodium in Group IA of the periodic table) and sulphur which is a concern 
from a corrosion standpoint 

- virgin Bark has higher nitrogen content which together with the higher calorific 
value is a concern from a NOx

- virgin Bark has a significantly higher content of minerals resulting in a much 
higher total ash content 

 emission standpoint 

- virgin Bark has a significantly higher content of trace metals which may in some 
cases be a concern from a toxicological standpoint 

- in case the ash is marketed the content and ratio of minerals and trace metals in 
the ash from bark pellets may be of importance 

 
Bark pellets is currently used on a limited scale in some power plants in Europe primarily 
due to a lower price and potential abundance. A “blended” product may have some merits 
although a sales effort is needed to position a “brown” pellet in the market today.  
 
It is obvious that care has to be given in the handling of the material to make it suitable 
for manufacturing of high quality pellets. Logs going for debarking shall be stored on 
black top or concrete slab and should preferably be washed before processed as feedstock 
for pellets. 
 

5. 
The level of densification of biomass for production of pellets is a function of the binding 
mechanisms, some of which are inherent characteristics of the material and some of 
which are predicated by the thermal and mechanical forces applied during the 
compression. As is indicated in Table 3.1 bark, particularly outer bark from pine, has a 
high content of lignin, which is classified as thermoplastic

Densification of Bark 

6 and has a more elastic 
recovery than cellulose and hemi-cellulose. The binding mechanisms can be categorized7

A. Solid bridges caused by diffusion of molecules from one particle to another 
particle when pressure is applied or as a result of crystallization or hardening of 
chemicals as the material is cooling down from a thermally exited state 

 
as follows; 

B. Attraction forces between solid particles due to molecular valance bonds 
(distances less than 10 Å), hydrogen bridges and Van der Waals forces distances 

                                                
6 John Haygreen, Forest Products and Wood Science, An Introduction, Second Edition, 1989, ISBN 0-
8138-1801-X 
7 Rumpf, H. The strength of granules and agglomeration. Agglomeration, 379-418 W.A. Knepper editor, 
John Wiley, 1962. 
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less than 10,000 Å or 0.1 μm). Electrostatic and magnetic forces may also be 
active in dust particles with high dielectric characteristics 

C. Mechanical interlocking bonds caused by folding 
D. Adhesion and cohesion forces between in-elastic components and viscous binders 
E. Interfacial forces and capillary pressure caused by free water in the gas-liquid 

surface tension between particles. Capillary pressure is generated when all space 
between particles is filled with liquid but this pressure disappears when water is 
evaporated or absorbed by surrounding material 
 

The conclusion from the above is that pressure in combination with heat, moisture and 
chemical composition are the major contributors to the binding characteristics of bark as 
well as wood. Bark with a high level of the thermo-plastic component lignin is generally 
producing a better and more solid pellet, particularly with steam penetration during the 
compression in the extrusion channel of a pellet press. The steam penetration is affecting 
all of the above identified binding mechanisms and in addition serves as a “micro-
gaseous lubricant” between the material and the in-elastic steel wall in the extrusion 
channel. As the amount of steam increases the more pronounced the binding 
characteristics become.  
 
Hammer milling of bark typically generates higher percentage smaller particles compared 
to hammer milling of white wood as indicated in the following diagram. The material had 
the same moisture content and processed by the same hammer mill. 
 

             
Diagram 5.1 
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Collection of airborne dust8

                
Diagram 5.2 

 

 in and around feedstock handling also indicates the presence 
of higher volume of smaller particles when bark material is processed. The white dust 
and the bark dust had approximately the same moisture content.  

Experiments9

                                                
8 Melin, S. Testing of Explosibility and Flammability of Airborne Dust from Wood Pellets, WPAC, Nov 5, 
2008. 
9 Swedish University of Agricultural Sciences. 

 with feedstock consisting of various ratios of white wood and bark shows 
decreased mechanical strength for all blended ratios compared to 100 % bark or 100 % 
white wood as is illustrated in the following diagram. Steam (steam level 1) was applied 
during the extrusion of the pellets and the red sample received 3 times more steam (steam 
level 3) compared to the green. The higher the rate of steam the higher the mechanical 
strength, particularly at high bark content. Interestingly enough the mechanical strength is 
decreased substantially in a blended pellet, probably in part due to a more in-homogenous 
particle size between the white wood and bark.  
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Diagram 5.3 
 
For this particular experiment the bark pellets have a lower bulk density compared to 
white pellets since the pellets are somewhat longer and thereby generates more void 
between pellets. Noticeable is also the substantially higher bulk density with a blend of 
only 10 % bark, due to the low mechanical strength resulting in shorter pellets. However, 
this should not be interpreted as if bark pellets generally have a lower bulk density since 
the die configuration and the species has an impact on the specific density which in turn 
has an impact on the overall bulk density.  
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Diagram 5.4 
 
The lower mechanical strength of blended pellets with only 5-10 percent bark is further 
manifesting itself in terms of the amount of fines as illustrated in the following diagram.  
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Diagram 5.5 
 
The demand on the electrical motor of the pelletizer is indicating a gradually lower effect 
as the bark content increases. The following diagram illustrate the relative increase or 
decrease in the power demand for the motor of the pelletizer normalized to the power 
demand required for pelletization of white wood with steam level 1. The likely reason is 
the higher content of lignin in the bark and the thermo-plasticity of the material as it 
passes through the extrusion channel.  
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Diagram 5.6 
 
The above power demand diagram is only indicative and the demand may vary between 
different pellet presses and may also depend on the size of the press.  
 

6. 
Pellets are somewhat fragile and dust is generated every time the product is handled. 
There are differences between White Wood pellets and Bark pellets in terms of bulk 
permeability, particle size distribution spectrum and mechanical strength. Much research 
is currently on-going at UBC in this general area.  
 

Handling of Bark Pellets 

6.1 
Both White Wood pellets and Bark Pellets are subject to decomposition which generates 
off-gassing

Off-gassing 

10 during storage and transportation11. The gases consist of carbon-monoxide 
(CO), carbon-dioxide CO2), methane (CH4

                                                
10 Svedberg U., Samuelsson J., Melin S., Hazardous Off-gassing pf Carbon Monoxide and 
  Oxygen Depletion during Ocean Transportation of Wood Pellets, February 22, 
  2008. Annals of Occupational Hygiene. 
11 Melin, S., Svedberg U., Samuelsson J., January 15, 2008. Emission from Wood Pellets 
  During Ocean Transportation (EWDOT), Wood Pellet Association of Canada. 
 

) and other hydro-carbons. Of most concern is 
CO and several fatal accidents have happened during bulk handling of pellets. The 
decomposition is consuming oxygen which results in severe oxygen depletion unless 
storage spaces are ventilated properly. The quantification of the off-gassing and 
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prediction models for the off-gassing has been developed at UBC12 and is documented in 
the Material Safety Data Sheet (MSDS)13

6.2 

 issued for pellets. There are differences in off-
gassing between White Wood and Bark although there are also differences depending on 
the species used for the pellet making as well as the age of the raw material as well as the 
age of the pellets.  
 

Both White Wood pellets and Bark Pellets both generate dust during handling. The dust 
is explosive if present at high enough concentration and in the presence of oxygen and an 
ignition source. The dust will also catch fire or explode if exposed to sufficiently high 
temperature. Standards tests are conducted on Dust Clouds as well as Dust Layers. The 
result of the tests generates a Dust Classification which is used as a guideline for how 
the product generating the dust should be handled and how the handling facility should be 
designed. Table 5.2 summarizes testing

Explosibility and Fire Propensity 

14

 
 
The smaller the particle is the higher the explosibility. The bark dust contains noticeably 
higher percentage smaller particles compared to the white dust. This translates in to 
higher explosion pressure. 
 
The minimum explosivity concentration (MEC) for coal dust is practically the same as 
for dust from wood pellets. Coal dust explosions can be mitigated partly by injection of 
incombustible mineral dust (e.g. limestone) at air intakes in order to keep the dust 
concentration below the critical 65 % level of coal dust. This option is not practical for 
operations handling wood pellets.  
 

 conducted by DRC in November 2008 on 
White Wood Pellets from British Columbia and Bark Pellets from Nova Scotia.  
 

                                                
12 Xingya Kuang, Tumuluru Jaya Shankar, Staffan Melin, Xiaotao Bi, Shahab Sokhansanj, 
  Jim Lim, July 19, 2008, Characterization and Kinetics of Off-gas Emissions from 
  Stored Wood Pellets. Annals of Occupational Hygiene. 
13 MSDS issued by Wood Pellet Association of Canada, latest issue dated November 11, 2008. 
14 Melin, S. Testing of Explosibility and Flammability of Airborne Dust from Wood Pellets, November 5, 
2008.  

Test 
Mode Measure

White 
Dust

Bark 
Dust

Coal 
Dust

Lycopodium 
Spores Testing Standards

Auto-ignition Temp                (Godbert-
Greenwald) Tc

oC 450 450 585 430 ASTM E1491
Min Ignition Energy MIE mJoule 17 17 110 17 ASTM E2019
Max Explosion Pressure P max bar 8.1 8.4 7.3 7.4 ASTM E1226
Min Explosion Pressure Rate dP/dt max bar/sec 537 595 426 511 ASTM E1226
Deplagration Index K St bar.m/sec 146 162 124 139 ASTM E1226

Min Explosible Concentration MEC g/m3 70 70 65 30 ASTM E1515
Limiting Oxygen Concentration LOC % 10.5 10.5 12.5 14 ASTM E1515 mod
Hot Surface Ignition Temp (5 mm) Ts

oC 300 310 ASTM E2021

Hot Surface Ignition Temp (19 mm) Ts
oC 260 250 ASTM E2021

Auto-ignition Temp TL
oC 225 215

USBM (Bureau of 
Mines) RI 5624

St 1 St 1 St 1 St 1 ASTM E1226
Class II Class II OSHA CPL 03-00-06

Table 6.2  Results from testing dust from white pellets and bark pellets

Test Parameter (dust <63 μm)
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Dust Class (>0 to 200 bar.m/sec)
Dust Class (Explosion Severity (ES > 0.5)
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The results are the basis for the data documented in the MSDS for Wood Pellet in Bulk 
issued by Wood Pellet Association of Canada. For more information, see the actual 
Standards and the related reference documentation. It should be noted that the data 
obtained from the testing as outlined in the Standards is not necessarily intrinsic to the 
tested material but may be used for assessing the risk for explosions and fires together 
with local conditions and sizing of explosion vents.  
 
The moisture of the samples to be tested shall not exceed 5 % in order to avoid a 
substantial influence from the moisture on the results.  
 

The Equilibrium Moisture Concentration (EMC) in White Wood pellets is about 25 - 30 
% of weight when exposed to air with 100 % relative humidity at + 25 

6.3 Moisture Absorption 

oC. The EMC for 
Bark is marginally lower. The EMC is an important parameter established under well 
controlled conditions in a lab and gives an indication of how sensitive the pellets may be 
to moisture absorption during storage which again is a measure of the shelf-life of pellets. 
Diagram 6.3 illustrates the EMC15

                
 

Diagram 6.3 
 
 
 

 for White Wood pellets as well as Bark pellets. As can 
be seen, the absorption increases radically above 80 % ambient relative humidity. The 
stabile EMC was reached after about a month in the controlled environment.  

                                                
15 Mani, S. Equivalent Moisture Content of Wood Pellets. 
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7. 
Wood is subject to decomposition as soon as the supply of water and nutrients are 
inhibited (the synthesis and metabolic processes stops when the tree is harvested). An 
immediate but slow process starts immediately whereby the main compounds (polymers) 
are gradually devolatilized and depolymerised in the presence of oxygen (air), moisture, 
oxidizing compounds and catalysts. This process is chemical and endothermic 
(consuming energy) and the rate of decomposition depends on the ambient temperature.  
The decomposition progression is only partially understood and there is no scientifically 
comprehensive documentation of the various stages and transitional border conditions. 
The parameters driving the decomposition of biomass are; 

Wood in the Thermal Spectrum 

- moisture content and exposure 
- temperature 
- time 
- ambient pressure 
- chemical reactivity conditions 

 
Thermal decomposition of wood may happen as a consequence of heat treatment or as a 
consequence of biological processes. Heat treatment will be discussed in a later section of 
this report. The biological process is characterized by microbes or enzymes penetrating 
the wood by metabolizing on the nutrients in the wood and thereby generating heat. A 
class of microbes called mesophilic microbes16 are causing biological oxidation in the 
temperature range up to approximately + 45 oC when they die off and another class of 
microbes called thermophilic microbes takes over up to approximately + 75 o

If sufficient oxygen is present at the temperature + 75 

C when they 
die off.  
 

oC and higher a chemical oxidation 
process takes over. The reaction rate17 doubles for every 10 oC rise in temperature. 
Depending on the supply of oxygen (air), humidity and the structure of the material 
surface the oxidation may become endothermic (energy consuming) or exothermic 
(energy producing). The mechanism for self-heating and eventual self-ignition above + 
75 oC is not well known but it is believed that variation in permeability or stratification of 
material may cause localized exothermic heating resulting in ignition. Table18

Table 7.1 Progressive Thermal Conversion of Wood 

 4.1 
illustrates the progressive thermal conversion of wood if ambient conditions are right.  
 

Temperature 
range + o

Thermal 
Zone C 

Dominating Reactivity Characteristics Emission 
Products 

0 – 45 Decomposition Biological oxidation, induced by enzymes & mesophilic 
microbes 

CO, CO2, CH4 
VOC, H2O 

45 – 75 Biological oxidation, induced by thermopile microbes CO, CO2, CH4 
VOC, H2O 

                                                
16 Jim Deacon, The Microbial World; Thermophilic Microorganisms, Institute of Cell and Molecular 
Biology, The University of Edinburgh 
17 BioCycle, Journal of Composting & Recycling, Vol 41 No 1, January 2000.  
18 S. Melin, Roadmap for Research to Increase the quality and Market Potential of Wood Pellets for Energy 
Production, DRC, July 4, 2005 
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75 – 105 Curing Endo-thermic or exo-thermic chemical oxidation depending 
on oxygen supply, humidity and material composition, low 
temperature distillation 

CO, CO2, CH4 
VOC, H2O 

105 – 200 Endo-thermic or exo-thermic chemical oxidation depending 
on oxygen supply, humidity and material composition, low 
temperature torrefaction 

CO, CO2 
VOC, H2O 

200 – 275 Endo-thermic or exo-thermic chemical oxidation depending 
on oxygen supply, humidity and material composition, high 
temperature torrefaction 

CO, CO2 
VOC, PAH, 
H2O 

275 - 650 Combustion Exo-thermic chemical oxidation CO, CO2 
VOC, PAH, 
POC, H2O 
Particulates 

650 – 1,300 Exo-thermic chemical oxidation CO2 
VOC, PAH, 
POC, H2O 
Particulates 
NO, NO2 
(prompt) 

1,300 - up Exo-thermic chemical oxidation CO2 
VOC, PAH, 
POC, H2O 
Particulates 
NO, NO2 
(prompt) 
NO, NO2 (air) 

VOC = Volatile Organic Compounds (hydro-carbons with up to 6 carbon atoms) 
PAH = Poly-aromatic Organic Hydrocarbons (hydro-carbons with more than one ring of atoms) 
POC = Poly-chlorinated Organic Compounds (hydro-carbons which includes the highly reactive chlorine atoms) 
 
Heat treatments, such as torrefaction and explosion pulping, change the nutrient value19

8. 

 
of the wood and make it resistant to microbes and fungi. Research is currently under way 
at UBC to better understand things like self-heating, run-away thermal conditions and 
how it relates to raw material characteristics, including species of White Wood and Bark.  
 

The calorific content of the various components in wood is summarized in Table
Energy Content in White Wood and Bark 

20

Table 8.1 Effective Calorific Value of Wood Compounds 

 5.1 as 
found from actual testing of material; 
 

Wood Component Calorific Content GJ/metric tonne 
Cellulose 17 - 18 
Hemi-cellulose 16 – 17 
Lignin 25 – 26 
Extractives 33 - 38 
 
Noticeable is the high calorific value of the extractives as well as the lignin which is an 
important consideration when drying material for extrusion to wood pellets. The 
extractives content in lodgepole pine in Western Canada attacked by the Mountain Pine 

                                                
19 Waldemar J. Homan and Andre J.M. Jorissen, Wood Modification developments, SHR Timber Research, 
Wageningen, The Netherlands, Heron Vol 49, No 4 (2004). 
20 Kollman 1951, Hakkila 1989. Lagringshandbok för trädbränslen,20.4 Päivi Lehtikangas, SLU, 1999, 
ISBN 91-576-5564-2. 
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Beetle is considerably higher than normal which in turn results in a higher calorific value. 
A longer drying cycle at lower temperature tends to conserve extractives in the material 
which contributes to a higher calorific value in wood pellets. The calorific value varies 
between the different parts of a tree as well as between various species as indicated in 
Table21

Table 8.2 Effective Calorific Value of Wood Components 

 5.2. 
 

 
Material 

Species GJ/tonne 
Moisture in % Moisture in % 

0 20 40 60 20 40 60 
Trunk wood with bark Pine 19.3 18.7 17.6 15.6 15.0 10.6 6.2 

Spruce 19.1 18.5 17.5 15.5 14.8 10.5 6.2 
Birch 19.5 18.9 17.9 15.8 15.1 10.7 6.3 

Whole tree chips Pine 19.6 19.0 18.0 15.9 15.2 10.8 6.4 
Spruce 19.2 18.6 17.6 15.5 14.9 10.6 6.2 
Birch 19.0 18.4 17.4 15.4 14.7 10.4 6.2 

Harvesting residue (excluding 
needles) 

Pine 20.4 19.8 18.7 16.6 15.8 11.2 6.6 
Spruce 19.7 19.1 18.1 16.0 15.3 10.9 6.4 
Birch 19.7 19.1 18.1 16.0 15.3 10.9 6.4 

 
Another comparison22

Table 8.3 Effective Calorific Value and Bulk Density of Bark 

 of interest is Table 5.3 comparing the calorific and density values 
for bark from some common species. 
 

Species Calorific Value in GJ/tonne Density in kg/m3 solid 
Pine 18.4 - 20.7 300 
Spruce 17.8 - 19.8 340 
Birch (cambium, ploem) 17.1 - 18.4 550 
Birch (epidermis) 28.4 - 29.3 550 
Aspen 19.0 - 21.0 - 
  
A tree may be looked upon as a pole (heartwood consisting of cellulose and 
hemicellulose) with two surrounding concentric layers. The inner layer (splint wood) 
carries the water upward in the tree and the outer layer (cambium and more so the 
phloem) carrying the carbohydrates from the synthesis process downward. The future 
trend in feedstock preparation is likely to go towards whole tree chipping due to the 
higher calorific value and better utilization of the wood resource. It might be argued that 
elimination of the splint wood, which contains most of the water, may be beneficial from 
an energy standpoint when processing fresh wood although there is no practical way of 
doing so.   
 

                                                
21 P. Hakkila, 1978. Harvesting small-sized wood for fuel. Folia Forestalia 342, The Finnish Forest 
Research Institute, Helsinki.  
22 Birgitta Strömberg, Bränslehandboken, Värmeforsk, ISSN 0282-3772. 
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When submerged in water the maximum absorption in white wood or bark is around 60 
% of weight at + 25 o

The major elements in wood are carbon, oxygen, nitrogen and hydrogen. The 
determination of calorific value is done typically done by bomb calorimetry and ISO 
1928 (1995 version) or the more recent CEN/TS 14918:2005 is becoming the preferred 
Standard in the energy sector for bio-fuels. The following Formula 8.1 is used for 
determination of the effective (net) calorific value in Joules/gram at constant pressure 
(meaning atmospheric pressure which is the most common for boilers or furnaces today) 
and at a reference temperature of + 25 

C. 
 
Calculation of Calorific Value without Considerations for Mineral Content 

o

 
where q

C; 

p,net,m   = net calorific value at constant pressure as received in 
Joules/gram 

qv,gr,d

The processes of oxidation of carbon to CO and CO

   = gross calorific value at constant volume as determined by bomb 
               calorimetry (J/g) done on oven dry material 

  H  = percentage hydrogen of dry weight 
  O = percentage oxygen of dry weight 
  N = percentage nitrogen of dry weight 
  M = percentage Total Moisture of weight as received 
 
Appendix A. summarizes the range of calorific values for White Wood and Bark from 
coniferous and deciduous species as well as Harvest Residue. Raw material from old 
growth trees as harvested in British Columbia and parts of Eastern Canada tend to have 
higher calorific content due to higher concentration of extractives (see Table 7.1), 
sometimes called pitch, compared to fast growing trees or trees harvested from third or 
forth generation tree plantations as is common in parts of Europe or USA.  
 

2 are exothermic and the main 
contributor of heat generated during combustion and embedded in the qv,gr,d factor. The 
enthalpies for the main processes are illustrated by the following formulas23; 
 
 C (s) + O2 (g) → CO2 (g) ΔH = - 393.5 kJ 
 CO (g) + ½ O2 (g) → CO2 (g) ΔH = - 283.0 kJ 
 C (s) + ½ O2 (g) → CO (g) ΔH = - 110.5 kJ 
 
The equilibrium between CO and CO2 is communicative which results in counteractive 
formation of CO from CO2 by means of an endothermic process as follows; 
 
 CO2 (g) → CO (g) + ½ O2 

                                                
23 David Lide, Handbook of Chemistry and Physics, 81st Edition, CRC, ISBN 0-8493-0481-4. 

(g) ΔH = + 283.0 kJ 
 

qp,net,m = {qv,gr,d - 212w(H)d - 0.8[w(O)d + w(N)d]} x (1 - 0.01M) - 24.4M   Formula 8.1 
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In a steady state process or containment there is an equilibrium24 developing over time 
between CO and CO2

Oxygen, hydrogen and nitrogen in the fuel re-combine during combustion to water and 
nitrogen oxides which are endothermic processes and so is the evaporation of free water 
in the lumen. Neither the enthalpies of extractives or lignin nor the molecular weights of 
those compounds are well documented. Formula 8.1 above does not account for the 
enthalpy related to the ash and sulphur which are generating condensable products during 
combustion. The sulphur content is very low (less than 0.01 % of weight) in wood and 
formula 8.1 therefore disregard the effect from sulphur and any of its oxidized products. 
However, the effect of ash is of importance, particularly for materials with high ash 
content, such as bark or dirty white biomass. The Swedish District Heating Association

. 
 

25

 
where h

 
(SDHA) has a standardized Formula 8.2 for calculating the net calorific value with 
consideration for the ash content. Both formulas are reflected below. 

net   = Effective net calorific value as delivered in MWh/tonne 
heff   = Effective net calorific value, bone dry and ash free content 
               in MWh/tonne 

  A  = Ash content in % of weight 
  M = Moisture content in % of weight 
 
With the above chemical profile the net calorific value at constant pressure and + 25 oC 
may be calculated as follows; 
 

Table 8.4 Calorific Value of White Wood Pellets and Bark Pellets 

Calculation of Calorific Value without Considerations for Ash Content in accordance 
with CEN/TS 14918:2005 
 
Table 8.4 indicates typical analysis of high quality White Wood pellets and Bark pellets 
manufactured from coniferous biomass in Canada; 
 

Chemical component Measure White Pellets Bark Pellets 
Gross calorific value, bone dry basis Joules / gram 20,485.66 21,770.99 
Hydrogen, bone dry basis % of weight 6.09 5.9 
Nitrogen, bone dry basis % of weight 0.05 0.3 
Oxygen, bone dry basis % of weight 43.09 38.88 
Sulphur, bone dry basis % of weight 0.01 0.22 
Carbon, bone dry basis % of weight 50.37 52.5 
Total moisture % of weight 5.73 5.73 
Total ash, bone dry basis % of weight 0.39 2.00 
                                                
24 2nd and 3rd year Course in Physical Chemistry, Oxford University, August 2005. 
25 Värmeverksföreningen, Torv- och trädbränsle, Avtalsförslag, reviderad April 1992.  

ℎ𝑛𝑛𝑛𝑛𝑛𝑛 = �ℎ𝑛𝑛𝑒𝑒𝑒𝑒
100−𝐴𝐴

100
�1− 𝑀𝑀

100
� − 2.44 𝑀𝑀

100
� 1

3.6 = MWh/tonne    Formula 8.2 
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Moisture has a major impact on the net calorific value and for the purpose of comparison 
the same moisture content (5.73 %) has in this case been selected for the two types of 
pellets. The higher carbon content and a somewhat lower oxygen and lower hydrogen 
content are contributing factors for the higher net calorific value of bark compared to 
white wood pellets. On the other hand, the higher ash content in bark is impacting the net 
calorific value of bark pellets as illustrated below.  
 
White Pellets 
qp,net,m
          = 17,922 J/gram or 

 = {20,485.66 – 212 x 6.09 – 0.8 x [43.09 + 0.05]} x (1 – 0.01 x 5.73) – 24.4 x 5.73 
17.92

 
 GJ/tonne 

Bark Pellets 
qp,net,m
          = 19,175.023 J/gram or 

 = {21,770.99 – 212 x 5.9 – 0.8 x [38.88 + 0.3]} x (1 – 0.01 x 5.73) – 24.4 x 5.73 
19.18

 
 GJ/tonne 

 

Calculation of Calorific Value with Considerations for Ash Content in accordance with 
SDHA Standard 

Bark Pellets 
Graph 8.1 illustrates the effect of the ash and moisture content on the net calorific value 
for Bark pellets based on a Gross Calorific Value of 21.771 GJ/tonne. 
 

 
 

Diagram 8.1 
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Bark is the outer skin of the tree and is rough by nature and therefore tends to accumulate 
contaminants during the harvesting and subsequent handling of the log or the harvest 
residue. The level of contamination can be quantified by looking at the total ash content 
of the material. One study26

 
 

Diagram 8.2 
 
Assuming biomass relatively free from contaminants the following estimated ash content 
in biomass may be used unless samples are taken and analyzed: 
 

 of bark delivered to pulp and paper plants and saw mills 
indicates a wide spread (1.8 – 6 % of weight) in the amount of contaminants primarily 
due to the number of storage locations of logs and to the extent chipped harvest residue is 
used. The following graph illustrates the variation. 

Table 8.5 Ash Content Guidelines for Raw Material 
Material Estimated Ash Content (A) in % of Weight 

Chipped trunk wood, fragments of bark 1.0 
Tops and twigs at harvesting site 3.0 
Mixed hog fuel including shredded bark  3.0 – 4.0 
Peat 4.5 
 

9. 

                                                
26 Birgitta Strömberg, Bränslehandboken, Värmeforsk, ISSN 0282-3772. 
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The chemical composition of white wood and bark is substantially different. In addition, 
there are substantial differences between species as well as selected components of a tree 
as reflected in Table 8. The data summarizes27

           
 

Diagram 9.1 
 

 typical characteristics of White Wood 
(coniferous and deciduous), Bark (coniferous and deciduous) and Logging Residue 
(coniferous and deciduous). Some of the parameters have a significant impact on the 
energy conversion efficiency, corrosivity and emissions during the combustion.  
 
The following Diagram 8.1and Table 8.1 summarizes analysis made of a few species in 
British Columbia. As can be seen the ash content is significantly different between the 
various species. The significance of the ratio between sulphur and chlorine is covered in 
Section 8. 
 

Table 9.1 Characteristics of White Wood and Bark (BC Species) 
Parameter Pine 

sawdust 
Pine 
bark 

Spruce 
sawdust 

Spruce 
bark 

Balsam 
sawdust 

Balsam 
bark 

Gross Calorific value 
(db) 

20.472 20.887 20.263 20.338 20.803 22.083 

Gross Calorific value 
(db, ash free) 

20.518 21.426 20.334 21.594 20.920 22.736 

Net calorific value 
constant pressure (db) 

19.08 19.56 18.89 19.48 19.42 20.70 

Total moisture % of 
raw material 

15.39 49.25 10.59 41.21 14.98 45.01 

                                                
27 Birgitta Strömberg, Bränslehandboken, F4-324, Värmeforsk Service AB, ISSN 0282+3772. 
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Total ash % w (db) 0.23 2.52 0.37 4.01 0.57 2.87 
Chlorine % w (db) 0.010 0.013 0.011 0.012 0.010 0.012 
Sulphur % w (db) 0.11 0.04 0.13 0.03 0.09 0.08 
S / Cl ratio 11.0 3.08 11.82 2.50 9.00 6.67 
Hydrogen % w (db) 6.47 6.17 6.38 5.98 6.40 6.47 
Nitrogen % w (db) 0.30 0.23 0.23 0.25 0.22 0.32 
Oxygen % w (db) 41.93 39.31 42.87 37.92 41.95 36.87 
Carbon % w (db) 50.96 51.73 50.02 51.81 50.77 53.39 
Fusion temp.    o 1,482 C (ID) 1,382 1,468 1,482 1,420 1,449 

o 1,482 C (ST) 1,391 1,469 1,482 1,424 1,479 
o 1,482 C (HT) 1,421 1,470 1,482 1,429 1,482 
o 1,482 C (FT) 1,432 1,472 1,482 1,439 1,482 

 
Comparing data in Table 8.2.2 and Table Appendix A. 

1. Comparing the characteristics of the species in British Columbia (Table 8.2.2) 
with the characteristics of the species in Europe (Table Appendix A.), there are 
noticeable differences. Within each species in Europe the sulphur content is 
higher in the bark than in the white wood while in British Columbia the opposite 
is true. 

2. The chlorine content in the bark of the European species is somewhat higher than 
in the white wood while in British Columbia the trend appears to be the opposite. 

3. The ratio between sulphur and chlorine (S/Cl) varies substantially between 
species but is typically higher in White Wood compared to Bark. This explains 
why bark is causing more corrosion than White Wood (see further explanation in 
this Section). 

4. The ash content is about 10 times as high in bark compared to the white material, 
with the exception of balsam which appears to be about 5 times.  

5. Ash fusion temperature is high for all samples with a tendency of somewhat lower 
numbers for the pine ash. There is a direct correlation between the fusion 
temperature and the content of alkali-metals such as potassium and sodium. 

6. The calorific values on a dry basis are very good for all samples, particularly the 
balsam material. The high carbon content of all bark material, particularly the 
balsam raw material, verifies that a Bark has a somewhat higher calorific value 
than White Wood. 

7. The relative calorific value indicated in the diagram is not necessarily transferable 
to a pellet made from the respective material. Some of the calorific content is lost 
during the drying and the densification through the pelletizer in terms of 
evaporation of volatiles. The more hydrogen, the more volatiles. The composition 
of the volatiles and the boiling point is determining the amount of vaporization 
during the pelletization process. 

 
9.1 

Bark and Harvest Residue has a substantially higher content of nitrogen compared to 
white wood. During combustion the nitrogen in the wood or bark is reacting with oxygen 
and generates “fuel-NO

Biomass with High Nitrogen Content 

x”, initially NO which transforms to NO2 if sufficient oxygen is 
present in accordance with the following formulas; 
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 N2 (g) + O2
 2NO (g) + O

 (g) → 2NO   ΔH = + 180.4 kJ 
2 (g) → 2NO 2 

 
(g)  

As the fuel is burning and generates 
heat the oxygen and the nitrogen 
present in the flame zone at a 
temperature between + 1,000 to 
1,100 oC are also combining and 
generating “prompt NOx”. If the 
combustion temperature increases 
further the so called “thermal NOx” 
or “air NOx” is formed28. NO and 
NO2 give rise to a number of 
complex pollutants and are pre-
cursors to smog and ground level 
ozone. In order to limit the generation of prompt and thermal NOx, techniques of under-
stoichiometric (oxygen-starved) combustion are used as illustrated in the following 
diagram29 in combination with extension of burning time for the fuel at lowest possible 
temperature. However, when the combustion temperature goes below approximately 
+760 o

              

C the concentration of residual carbon-monoxide in the flue gas increases.  
 

                                                
28 Henrik Alvarez, Energiteknik, Studentliteratur, ISBN 91-44-04509-3. 
29 Melin, S. Delta Research Corporation 1999.  
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Other techniques used to decrease NOx emission when burning fuel with high nitrogen 
content is ammonia-slipping30 based on injection of ammonia (NH3) in the combustion 
chamber or the flue gas channel which reacts with the NOx to form inert nitrogen and 
water in accordance with one of the following reactions; 

4NO + 4NH3 + O2 → 4N2 + 6H2O 
2NO2 + 4NH3 + O2 → 3N2 + 6H2O 
NO + NO2 + 2NH3 → 2N2 + 3H2O 

 
There are two different ammonia slipping processes used in large furnaces, the Selective 
Non-Catalytic Reduction (SNCR) with injection gaseous ammonia directly in to the hot 
zone (+800 to 950 oC) and the Selective Catalytic Reduction (SRC) with injection of 
ammonia in a catalytic filter in the flue gas channel in a temperature range of +300 to 400 
o

9.2 

C. The SNCR has an efficiency of 40-60 % and the SCR an efficiency of 70-90 %.  
 

Bark and Harvest Residue has a substantially higher content of sulphur and ash compared 
to White Wood. Both factors are important considerations during the energy conversion 
process since they are generating potentially serious corrosions in the combustion zone 
and in the flue gas channel as well as unwanted stack emissions.  
 
Conventional installations for combusting fossil fuels such as coal or oil have been 
constructed with special steel to withstand high temperature and corrosion. The super-
heater area of a fluidized bed combustor normally has a life span of 6 - 8 years before the 
steel has to be replaced due to fouling and related corrosion. Since the introduction of 
biomass as a fuel in many of the power plants the life span has been cut in half and the 
steel often has to be replaced at great cost after only 3 – 4 years. Since large scale use of 
biomass in most installations is relatively new there is limited experience with this type 
of corrosion. Some of the installations in Sweden and more recently also in The 
Netherlands have gained relatively extensive knowledge from research related to the 
problem. The problem is particularly pronounced when converting from coal to 100 % 
biomass for reasons which will be explained later in this Chapter. The knowledge about 
the corrosion is beginning to spread throughout the industry and will become a concern 
for many installations as part of the selection of fuel in an effort to gain environmental 
carbon credits. Use of pellets made from bark or harvest residue require special attention 
due to the relatively high content of sulphur and ash. The corrosion in combustion 
chambers and flue gas channels of boilers, furnaces and incinerators is related to; 

Biomass with High Sulphur and High Ash Content 

- chemistry of the fuel and the thermal conditions during the conversion. 
- time and temperature involved 
- selection of material in the equipment exposed directly to the thermal conversion 

 
9

                                                
30 Vattenfall AB, Kretsloppsbränslen, Stockholm 2006. 

.2.1 Corrosion Caused by Sulphur Reactions 
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Wood material contains less than 0.01 % by weight of sulphur (see Appendix A). 
Typically all sulphur entering the combustion with the fuel is oxidized in stages and end 
up as SO2 and to a lesser extent (around 10 %) as SO3 in gaseous31 form as follows; 
 SO + O2 → SO2 + O 
 SO + OH → SO2 + H 
 2SO2 + O2 → 2SO3 
The SO3 is strongly hygroscopic and reacts with water to generate sulphur acidity as well 
as the highly corrosive sulphuric acid as follows; 
 SO2 + H2O →  H2SO3 
 2SO3 + 2H2O → 2H2SO4 
Obviously, wood pellets with only 5 % moisture will cause far less corrosion than hog 
fuel with 50 % moisture which has to be evaporated through the combustion chamber and 
flue gas channel where it will react with oxidized sulphur. The wood itself consists of 
carbohydrates with an H/C ratio of less than 2 which means low recombination of H2

Acidic gas is typically neutralized by application of limestone

O. 
In comparison fossil (natural) gas has an H/C ratio of 4. The lower the moisture content 
in the fuel the lesser the amount of the corrosive sulphuric acid will be formed. 
 
Not all the sulphur in the fuel is reacted as above but rather combines with other elements 
and end up as sublimated or solid compounds in the bottom ash or fly-ash. 
 

32 (CaO or CaCO3) in  a 
post-combustion reactor. In the case of fluidized beds or grate- or powder-burning 
furnaces the lime may be part of the combustion reaction itself as follows; 
 CaCO3 + heat → CaO + CO2 
 CaO + SO2 + O → CaSO4 
 CaO + SO3 → CaSO4 
 CaO + 2HCl → CaCl2 + H2

As long as the SO

O 
Due to the relatively low sulphur content in biomass compared to fossil fuels it is not 
common to apply limestone for capturing acidic gas from combustion of biomass if the 
furnace is built for biomass combustion. However, many of the larger electricity 
producing utilities in Europe converting existing coal or oil to biomass may apply 
limestone irrespective of choice of fuel.  
 

x compounds exist in gaseous form the corrosive damage to the 
equipment is minimal. However, as soon as the temperature goes below the condensation 
or melting point33, the SOx

Table 9.2.1 Condensation Temperature of Sulphur Compounds 

 compounds condense or sublimate on the exposed surfaces 
and causes corrosion unless precautions have been take in the selection of material of the 
equipment.  
 

Compound Chemical 
Formula 

CAS # Condensation 
Temperature o

Sublimation 
Temperature C oC 

Sulphur SO 7446-09-5 2 - 10  

                                                
31 Gasbranschens Miljöhandbok, Juni 1999, Svenskt Gastekniskt Center AB 
32 The Combustion of Solid Fuels and Wastes, David A. Tillman, ISBN 0-12-691255-6 
33 CRC Handbook of Chemistry and Physics, 81st Edition, ISBN 0-8493-0481-4 
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dioxide 
Sulphur 
trioxide 

SO 7446-11-9 3  α = + 62.0 
β = + 32.5 
γ = + 16.8 

Sulphurous 
acid 

H2SO 7782-99-2 3 Exist only dissolved in 
H2

 
O below + 100 

Sulphuric 
acid 

H2SO 7664-93-9 4 +315 to 338  

 
It is obvious that at flue gas temperatures lower than + 340 oC, particularly lower than + 
100 o

 

C, there is concern for corrosion caused by sulphur based compounds even for built 
for burning biomass. Furnaces and flue gas channels with cold eddies, leakages or back 
draft tend to develop more corrosion.  

The ash in left behind from biomass contains a large number of inorganic minerals, the 
most prominent ones are listed in Table Appendix A. Biomass in British Columbia was 
analyzed and the minerals are illustrated as oxides in Table 8.2.2. The oxides can be 
categorized as acidic or basic as listed in the Table.  

9.2.2 Slagging and Corrosion Caused by Mineral Reactions in the Ash 

 
Table 9.2.2 Oxides in ash from Biomass collected in British Columbia 

Parameter Pine sawdust Pine 
bark 

Spruce 
sawdust 

Spruce 
bark 

Balsam 
sawdust 

Balsam 
bark 

SiO 3.09 2 5.32 2.21 2.62 0.93 9.45 
Al2O 1.63 3 5.29 0.94 0.85 0.43 2.56 
TiO 0.14 2 0.08 0.5 0.03 0.03 0.11 

Subtotal acidic oxides 4.86 10.69 3.65 3.5 1.39 12.12 
Fe2O 1.09 3 0.69 2.46 0.3 0.76 1.18 
CaO 33.76 40.03 39.66 46.10 21.91 37.74 
MgO 8.04 4.35 3.22 1.92 5.54 2.60 
K2 10.95 O 3.80 7.99 4.01 30.33 8.59 
Na2 0.41 O 0.30 0.35 0.43 0.44 0.90 

Subtotal basic oxides 54.25 49.17 53.68 52.76 58.98 51.01 
Subtotal alkali-metal oxides 

(MgO + K2O + Na2

19.40 
O) 

8.45 11.56 6.36 36.31 12.09 

SO 3.22 3 1.59 3.02 1.52 2.06 2.84 
P2O 0.30 5 1.89 0.67 1.16 0.22 3.97 
SrO 0.10 0.04 0.18 0.16 0.06 0.08 
BaO 0.11 0.04 0.54 0.63 0.24 0.57 
Mn3O 4.67 4 1.76 3.12 2.11 4.51 2.71 

Subtotal 8.40 5.32 7.53 5.58 7.09 10.17 
       

B/A ratio 11.16 4.60 14.71 15.07 42.43 4.21 
Silica Percentage 6.72 10.56 4.65 5.14 3.19 18.54 
T 0 250 0 0 0 <2150 0 
 
The following Diagram 8.2.2 is illustrating the difference in the Acidic and Basic balance 
between the various species. However, it should be noted that the balance may shift 
depending on the time of the year when the harvesting is done.  
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Diagram 9.2.2 

 
A few observations are; 

- low level of CaO combined with a high level of K2

- high basic composition of the balsam, particularly the balsam white wood, 
resulting in a high B/A ratio 

O in balsam white wood 
which may reflect the characteristics of the soil composition where the balsam 
is growing 

 
The coal burning industry has developed a matrix of about 15-20 tests producing key 
numbers for predicting the slagging, corrosion and fouling tendency of ash as a function 
of the chemical composition of a fuel. The key numbers are quotients of the mineral 
content in the ash. The B/A ratio and the S/Cl as listed in Table 8.2.2 are just a couple of 
examples. Since combustion is ionizing most of the minerals it is important to maintain 
as neutral pH conditions as possible in order to avoid high acidic or basic reactivity 
resulting in very aggressive sticky fouling, clinkering at low temperature, generation of 
ash difficult to remove due to too high or too low viscosity, highly corrosive gases etc. 
The design of a furnace, the selection of material (various grades of steel or alloys) and 
the system for retrieval of ash (bottom ash and/or fly ash) are governing how well pellets 
can be substituted coal. Also, all pellets have their own unique mineral blend and it is 
beyond the scope of the Report to elaborate on how suitable a particular brand of pellets 
might be for combustion in a particular furnace. Bark requires more careful consideration 
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than White Wood pellets when used as a fuel in a furnace built for burning coal due to the 
higher content of both ash, sulphur and alkali-metals (see Table Appendix A.).  
 
The melting temperature for the ash for a particular fuel quality is depending on the ash 
composition. This means that a blend of two different qualities of ash will have a melting 
temperature which is different from each individual quality since it all relates to the 
overall ratio between the various ash components. Acidic salts tend to increase the 
melting temperature of the ash while basic salts tend to decrease the temperature although 
some of the basic salts such as CaO and MgO have high melting temperature and would 
contribute towards increasing the composite melting temperature. No easy relationship is 
available for expressing the overall melting temperature in terms of the individual ash 
constituents.  
 
A measure of the composite aggressiveness (corrosiveness) of the ash is the Basic/Acid 
ratio (B/A)34 for the most common compounds in the ash.  
 
Since the basic components are causing the high temperature corrosion it is beneficial to 
have proportionally higher content of SiO2 and Al2O3 and TiO2 in the ash. This means 
essentially that the lower the B/A ratio is the less corrosive the salts are.  
 
Large scale conversion of coal burning plants to pellets has been done successfully in 
Sweden since the beginning of the 1990th and the testing methods used for coal has 
gradually been adapted for testing pellets. The leading research is conducted by 
Vattenfall AB, the largest power utility in Scandinavia, with some funding from EU and 
the Swedish District Heating Association. The result from the research includes a method 
for mitigation of both NOx

                                                
34 Combustion Engineering, Gary Borman, ISBN 0-07-006567-5 

 emissions and corrosion/fouling. The mitigation technique is 
based on conversion of the chlorides to sulphates with much higher melting temperature 
which means that the salts are passing the super-heater and can be transported with the 
flue gas to the exhaust filter or scrubber in solid form. The sulphate is generated by 
injection of elemental sulphur in the zone prior to the super-heater where the sulphur is 
reacting with the alkali-metals forming a relatively stabile family of alkali-metal 
sulphates. The chlorine is reacting with other elements which decrease the amount of the 
corrosive alkali-metal chlorides. Other chlorides are far less corrosive. 
 
The corrosion is more pronounced in furnaces, particularly the super-heater section, built 
with soft low carbon steel and less pronounced when steel with high carbon, chromium 
and nickel content is used. When biomass is combusted the chlorine (even if the chlorine 
content is very low in high quality biomass) is reacting with primarily potassium and 
sodium and forming chlorides with low melting temperature. This means that the salts 
generate a sticky deposit on the surfaces inside the furnace and the salts are causing 
corrosion. Bark typically contains 5 times as much alkali-metals as white pellets (see 
Appendix A for the content of K and Na in virgin wood versus virgin bark).  
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An alternative to elemental sulphur which has been tested is ammonia-sulphate which not 
only contributed sulphur but also ammonia (NH3) which reacts with the nitrogen oxide 
and oxygen during the combustion and generates inert N2
Vattenfall is offering an additive compound

 and water (see Section 9.1). 
35 called CHLOROUT® for combustion 

processes which cuts the corrosion in half or more. Vattenfall has also developed an 
optical sensor (Selective Optical Alkali Measurement – SOAM)36

- optimization of the combustion of fuel 

 for measuring the 
alkali-metal affinity to deposition on steel surfaces. The corrosion control strategy 
developed by Vattenfall includes the following; 

- lowering the temperature somewhat at the super-heater 
- additive as described above 
- selection of steel in the super-heater containing higher content of chromium 

and nickel even though too high chromium content seems to work in the 
opposite direction 

-  
The addition of sulphur increases the risk for low temperature corrosion. However, the 
experience indicates that the added sulphur to a very large extent end up in the bottom 
ash and to the extent it is carried by the flue gas it is caught in the filter and the condenser 
water. 
 
In some cases biomass is burned in shorter campaigns between coal-burning and in other 
cases the biomass may be co-burned with coal. The furnaces are designed to handle the 
ash as a fluid or as a dry powder. A low ash fusion temperature is beneficial for furnaces 
with wet bottom, meaning the bottom is designed for drainage of molten ash in fluid 
form. A high ash fusion temperature is beneficial for furnaces with dry bottom design 
where the ash is extracted as a powder in a hopper at the bottom. With the wrong 
operating temperature in relation to the ash temperature the furnace may be subject to 
serious fouling and slagging. A brief explanation of the electrochemical phenomenon of 
corrosion is included in Appendix B.  
 

10. 
Harvest residue left on the ground has high nitrogen content. The material is leaching 
nitrogen to the ground in terms of ions causing eutrophication (oversupply of nutrients) in 
some types of biotopes. In areas where the soil has nitrogen deficiency the left behind 
harvest residue is beneficial since it helps increase the nitrogen content of the soil. The 
findings however are generally that the more harvest residue is left on the ground the 
greater the chance of eutrophication. Also, harvest residue left on the ground are known 
to generate N

Considerations when Using Harvest Residue for Pellet Making 

2

                                                
35 The Use of Fuel Additives in Wood an Waste Wood-Fired Boilers to Reduce Corrosion and Fouling Problems, 
Christer Andersson, Vattenfall 
36 Vattenfall is using the SOAM, measuring the deposits at the super-heater and in the combustion zone in accordance 
with their In situ Alkaline Continuous Monitoring (IACM), in combination with IR and UV measurements in the 
combustion zone determining the ratio of SO2, CO, NOx, NH3 and hydrocarbons, in order to minimize corrosivity as 
well as unwanted emissions. The sensor elements have been developed by Linköping University of Technology in 
Sweden.  

O, which is a very potent greenhouse gas, as well as methane in spaces 
with limited access to oxygen (anaerobic oxidation), which is also a very potent 
greenhouse gas. Traditional logging of stems leaving behind substantial harvest debris 
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tends to increase the risk of eutrophication while whole tree logging37

Extensive research

 tends to decrease 
the risk although it is to some extent related to species.  
 

38 in Sweden over a long period of time regarding the effects of 
leaving harvest residue on the ground indicate a higher level of leaching of NO3

- (nitrate) 
causing acidification and a lowering of the pH in the soil. This is resulting in migration of 
nutrients in terms of cations such as calcium, potassium, magnesia as well as the anion 
alumina in the soil which eventually reaches watersheds and streams. The nutrients lost 
during leaching can be replaced by recycling39

 
 
Harvest residue makes good pellets and it appears as extraction of the material from clear 
cut logging sites is beneficial and in fact is decreasing the risk for eutrophication. 
However, the recycling of the nutrients (ash) appears to be an important factor to 
minimize the biological effect of extensive tree harvesting.   
 
A common practice in Canada is to rake the harvest residue from the forest floor in to 
piles which are burned. In such a process there are substantial amounts of air pollutants 
generated (particulates, NO

 the ash generated when biomass 
(including pellets) is converted to energy. The ash is pelletized and spread on the forest 
floor with special spreaders. It is assumed that the findings would be similar in the 
Canadian forests although it appears that very limited research has been done. The B/A 
(Basic/Acidic oxide or ion) ratio is a measure of the level of eutrophication and 
acidification in the soil (see Section 8).  
 

x

11. 

, CO etc.) and even if the nutrients (ash) stays in the forest, it 
is highly concentrated and localized and not dispersed properly.  
 

Bark is a good raw material for making fuels pellets and is typically less expensive than 
White Wood. It is expected that bark will become a major raw material source in the 
future. Bark is a substantial component in Harvest Residue which is another major source 
of raw material for pellet making. 

Conclusions 

                                                
37 Ahlfont, K. Lundberg, A. Kväve i Bioenergisystemet, Syntesrapport, Vattenfall Utveckling Rapport 
1998:4.  
38 Bo Karlsson, Lars Lönnstedt. Arbetsrapport, Skogforsk. Strategiska skogsbruksval, rapport 609, 2006. 
39 Skogsvårdsstyrelsen Västra Götaland, Recirculating for Maintaining Soil and Water Quality.  
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- Better binding characteristics and thereby higher mechanical strength 
Advantages with Bark as a raw material compared to White Wood: 

- Higher calorific value due to a higher carbon and lower hydrogen content 
 

- Higher ash content which tends to cause more slagging 
Disadvantages with Bark as a raw material compared to White Wood: 

- Higher content of Chlorine and the alkali metals such as potassium, sodium 
and magnesium which tends to generate more corrosion during combustion, 
unless mitigated with sulphur slipping technology 

- Hammer milling of Bark tends to generate finer dust which increases the risk 
for dust explosions as well as the flammability 

- Considerably higher nitrogen content which causes more NOx

- Higher sulphur content although analysis of wood from British Columbia 
actually shows higher sulphur content in the White Wood from the same 
species. This may be a reflection of the impact of pollution in most other 
regions. Sulphur tends to generate low temperature corrosion 

 emissions 
during combustion unless mitigated with SNCR or SCR technology 

 

Harvest Residue is a goof raw material for pellet making although the chemical 
composition tends to vary substantially depending on the harvesting season since the 
material to a large extent consists of cambium, phloem and epidermis which are all 
fluctuating in consistency through out the annual biological cycle of a tree. 

Advantages and Disadvantages with Harvest Residue as a raw material: 

- Requires ash recycling to the forest floor in case Harvest Residue is used as a 
raw material for pellet making in order to avoid eutrophication and 
acidification of the soil 
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Appendix A. 
 
 

Chemical Composition of White Wood, Bark and Harvest Residue
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Appendix A. Chemical Composition of White Wood, Bark and Harvest Residue (European Species) 
Parameter Measure Coniferous 

wood  
Deciduous 
wood 

Coniferous 
bark 

Deciduous 
bark 

Coniferous 
harvest residue 

Deciduous harvest 
residue 

Gross Cal GJ/tonne 20.2-20.8 19.5-20.4 20-23 20-23 20.8-21.4 19.7-20.4 
Net Cal GJ/tonne 18.8-19.8 18.5-19.2 19-21 19-21 19.5-20.0 18.4-19.1 
Carbon % w daf 47-54 48-52 51-56 52-56 50-53 50-53 

Hydrogen % w daf 5.6-7.0 5.9-6.5 5.9-6.5 5.9-6.5 5.9-6.3 5.9-6.3 
Oxygen % w daf 40-44 41-45 36-43 36-43 40-44 40-44 

Nitrogen % w daf <0.1-0.5 <0.1-0.5 0.3-1.2 0.1-1.0 0.3-0.8 0.3-0.8 
Sulphur % w daf <0.01-0.05 <0.01-0.05 0.02-0.20 <0.02-0.20 0.01-0.08 0.01-0.08 

Chlorine % w daf <0.01-0.03 <0.01-0.03 <0.01-0.05 <0.01-0.05 <0.01-0.04 <0.01-0.02 
Fluorine % w daf <0.0005 <0.0005 <0.0005-0.002    

Ash (total) % w/w d 0.2-0.5 0.2-0.5 2-6 2-10 1-4 0.8-3 
Al mg/kg d 30-400 <10-50 400-1,200 30-100   
Ca mg/kg d 500-1,000 800-20,000 1,000-15,000 10,000-20,000 2,000-8,000 3,000-5,000 
Fe mg/kg d 10-100 10-100 100-800 50-200   
K mg/kg d 200-500 500-1,500 1,000-4,000 1,000-5,000 1,000-4,000 1,000-4,000 

Mg mg/kg d 100-200 100-400 400-3,000 400-600 400-2,000 100-400 
Mn mg/kg d   9-840    
Na mg/kg d 10-50 10-200 70-2,000 20-1,000 75-300 20-200 

P mg/kg d 50-100 50-200 20-600 300-700   
Si mg/kg d 100-200 100-200 500-5,000 2,000-20,000 200-10,000 75-250 
Ti mg/kg d <20 <20     
As mg/kg d <0.1-1.0 <0.1-1.0 0.1-4.0    
Cd mg/kg d <0.05-0.5 <0.05-0.5 0.2-1.0    
Cr mg/kg d 0.2-10.0 0.2-10.0 1-10    
Cu mg/kg d 0.5-10.0 0.5-10.0 3-30 2-20   
Hg mg/kg d <0.02-0.05 <0.02-0.05 0.01-0.1    
Ni mg/kg d <0.2-10.0 <0.1-10.0 2-20    
Pb mg/kg d <0.5-10.0 <0.5-10.0 1-30    
V mg/kg d <2.0 <2.0 0.7-2.0    

Zn mg/kg d 5-100 5-100 70-200 7-200   
daf = dry ash free       
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Appendix B. 
 
 

Common Salts and Oxides Generated During Combustion of Biomass 
 
The affinity of alkali-metal salts for metal surfaces in a furnace is caused by electro-
negativity within a salt molecule due to polar-bonding (electrical imbalance between the 
atoms within a molecule). This electro-negativity gives the molecule an external 
electrical charge which generates an attracting force to the surface. In a covalent bond, as 
opposed to a polar bonding, between two atoms of the same kind the molecular orbital is 
symmetric since the attraction on the valence-electron is the same from both nucleus. All 
atoms have a unique electro-negativity40 and are given a unique rating in accordance with 
the Pauling Scale41

Table Appendix B. illustrates the variation of melting temperature related to the chemical 
composition of some of the salts generated during combustion. Generally, salts (oxides 
and chlorides), particularly based on potassium, sodium and magnesium but also others, 
have a lower melting point than salts based on sulphur and therefore are of concern since 
they would become liquid when the temperature of the flue gas reaches that temperature. 
Salts condensed on metal surfaces are typically highly corrosive and would shorten the 
life span of the equipment considerably

. Compounds generated between alkali-metals such as Na or K and 
halogens such as Cl and oxygen or sulphur possess a strong differential electro-negativity 
which indicates a relative high level of chemical reactivity. In the event the molecular 
electro-negativity is higher than 2 the molecule behaves like an ion and does not express 
affinity to any particular material but rather moves in the direction of opposite electrical 
polarity, thus causing an atomic mass transport of material whish is essentially what we 
call corrosion. Also, there appears to be a relation between the electro-negativity and the 
melting point of the substance – the lower the molecular negativity the higher the melting 
point.  
 

42

The salts of particular interest with low melting temperature are highlighted in green 
above. The corresponding sulphate or sulphide compounds are highlighted in yellow.  

 – in many cases from 8 years down to 3 - 4 
years with serious economic consequences.  

 

                                                
40 General Chemistry, Linus Pauling, ISBN 0-486-65622-5 
41 Foundations of College Chemistry, Daniel Murphy, Lib of Congress # 74-75640 
42 Vattenfall web site http://www.vattenfall.se/privat/sok/index.asp?docDir=&q1=korrosion  

http://www.vattenfall.se/privat/sok/index.asp?docDir=&q1=korrosion�
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Elemental 
Component 

Ash Compound CAS Chemical 
Formula 

Melting 
Temp. o

Boiling Temp. 
C 

oC 

Phosphorus Phosphorous oxide 1314-24-5 P2O + 23.8 3 + 173 
 Phosphorous oxide 1314-56-3 P2O5 + 562 + 605 
 Phosphorous chloride 10026-13-8 PCl5 + 167  
 Phosphorous sulfide 12165-69-4 P2S3 + 290 + 490 
  1314-80-3 P2S5 + 285 + 515 
Sodium Sodium superoxide 12034-12-7 NaO + 552 2  
 Sodium chloride 7647-14-5 NaCl + 801  
 Sodium carbonate 497-19-8 Na2CO3 + 858  
 Sodium sulphate 7757-82-6 Na2SO4 + 884  
 Sodium oxide 1313-59-3 Na2 + 1,132 O  
 Sodium metasilicate 6834-92-0 Na2SiO3 + 1,089  
Potassium Potassium oxide 12136-45-7 K2 + 350 O  
 Potassium superoxide 12030-88-5 KO + 380 2  
 Potassium chloride 7447-40-7 KCl + 770  
 Potassium carbonate 584-08-7 K2CO + 891 3  
 Potassium sulfide 1312-73-8 K2S + 948  
 Potassium sulphate 7778-80-5 K2SO4 + 1,069  
Magnesium Magnesium carbonate 546-93-0 MgCO + 350 3  
 Magnesium chloride 7786-30-3 MgCl2 + 714  
 Magnesium sulphate 7487-88-9 MgSO4 + 1,124  
 Magnesium oxide 130948-4 MgO + 2,582  
Barium Barium oxide 1304-28-5 BaO + 1,973  
 Barium chloride 10361-37-2 BaCl2 + 962  
 Barium sulfide 21109-95-5 BaS + 2,230  
Calcium Calcium oxide 1305-78-8 CaO + 2,899  
 Calcium chloride 10043-52-4 CaCl2 + 775  
 Calcium sulphate 7778-18-9 CaSO4 + 1,460  
 Calcium sulfide 20548-54-3 CaS + 2,525  
Titanium Titanium dioxide 13463-67-7 TiO + 1,843 2  
 Titanium chloride 7550-45-0 TiCl4 - 25  
  10049-06-6 TiCl + 1,035 2  
 Titanium sulfide 12039-07-5 TiS + 1,780  
Iron Iron oxide 1309-37-1 Fe2O + 1,565 3  
 Iron chloride 7758-94-3 FeCl2 + 677  
 Iron sulfide 1317-37-9 FeS + 1,188  
Aluminum Aluminum oxide 1344-28-1 Al2O + 3,000 3  
 Aluminum chloride 7446-70-0 AlCl3 + 192.6  
 Aluminum sulfide 1302-81-4 Al2S3 + 1,100  
 Aluminum sulphate 10043-01-3 Al2(SO4)3 + 1,040  
Manganese Manganese oxide 1344-43-0 MnO + 1,840  
 Manganese chloride 7773-01-5 MnCl2 + 650  
 Manganese sulphate 7785-87-7 MnSO4 + 700  
 Manganese sulphide α 18820-29-6 MnS + 1,610  
Silicon Silicon dioxide α 14808-60-7 SiO + 573 2  
                          β 14808-60-7 SiO + 867 2  
                          γ 15468-32-3 SiO +1,470 2  
 Silicon monosulfide 50927-81-6 SiS + 900  
 Silicon disulfide 13759-10-9 SiS2 + 1,090  
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