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EXECUTIVE SUMMARY 
 

The desire to fire biomass for electric power generation has recently been amplified by 
President Obama’s new Clean Power Plan with a call for a 32% cut in power plant emissions by 
2030 from 2005 levels. 

With carbon-capture and sequestration technology still developing, many coal plants are 
looking for alternative ways to reduce the CO2 from larger scale fossil fueled power plants. Some 
utilities have started mixing their coal with a cheap material such as woody biomass that could 
help them meet the expected EPA targets. Co-firing with wood and coal is becoming a viable 
‘bridge strategy’ for increasing the use of renewable resources while reducing atmospheric CO2. 
Worldwide, over 200 test burns have been completed for co-firing wood with coal at large-scale 
coal fired power plants to show the feasibility of this technique to reduce CO2 in plant 
emissions.(1)  

Compared with fossil fuels, biomass has not been widely utilized in the electric power 
generation industry due to its relatively low energy density. Biomass pre-treatment technologies 
have therefore been developed to densify biomass into forms that can be stored and handled in 
a manner consistent with coal usage at power generation operations.(2) The biomass industry is 
currently focusing on biomass pretreatment technologies for either pelletizing raw biomass fuels 
or pelletizing torrefied biomass fuels. The wood pelletizing process for production of wood fuel 
pellets is a well-developed technology worldwide. The torrefied wood industry, however, is in a 
‘development stage’ in that many torrefaction processes are being researched and refined, with 
no one technology perfected or preferred as yet.  

The global electric power industry is thus seeking ‘refined’ renewable fuel products to 
partially or fully replace coal as its fuel source in order to reduce carbon and other significant 
emissions. ‘Refining’ is a generic term for different fuel processing technologies including steam 
explosion, torrefaction, and hydrothermal carbonization (HTC) (also called wet torrefaction). 
Through the use of torrefaction ‘mild pyrolysis process,’ a significant improvement in the 
suitability of biomass for co-firing in coal fired power plants is produced while providing the 
potential to enable higher co-firing percentages of biomass versus using untreated wood pellets. 
The quality of the torrefaction process depends on the balance between temperature and 
residence time to preserve a maximum of energy density to achieve certain fuel properties like 
grindability and hydrophobicity.(3) While the lignin content in wood is usually enough to bind 
pellets, other forms of biomass require special conditioning to strengthen them. Sometimes 
binders such as starch, sugars, paraffin oils, or lignin must be added to make the pelletized 
biomass more durable.(4) Pelletizing into a highly water repellent pellet or briquette is required 
for the torrefied wood industry to produce an acceptable coal replacement product that can be 
shipped in bulk in open containers and stored in a manner similar to coal. As of 2015, emerging 
biomass torrefaction companies have significantly improved their ability to produce high quality 
products with pellets of comparable durability to conventional wood pellets. Key areas of work 
remain, and these include: densification with and without binders to enhance the bulk density of 
the produced fuels, development of moisture resistance regimes to allow avoidance of indoor 
storage, optimization of the shape and size of the fuel products, and the degree of pretreatment 
required to reduce ash content and to achieve the desired fuel values in the products. 
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Southern Company, at its Gulf Power subsidiary, successfully tested the use of ‘white pellets’ 
that had undergone torrefaction in a mobile torrefaction facility. Even though the produced 
materials were not of ideal physical quality, the company showed that up to 100% coal 
substitution could be achieved. The company concluded that the use of torrefied materials was 
a straightforward path to substitution of increasing amounts of coal in power generation. Ontario 
Power in Canada has converted two plants in Western Ontario to completely use biomass 
materials. In one case, they modified the power plant to utilize white pellets, and the capital costs 
for this modification were estimated to be C$170,000,000. In the second case, the power plant 
decided to use advanced wood pellets produced from steam explosion processing methods 
(Zilkha or Arbaflame), and the capital costs to allow the materials to be used was only 
C$5,000,000. The capital cost reduction illustrated that the advanced wood pellets could be used 
like coal in that second plant example. Finally, a European economic analysis indicates that 
considering all aspects of potential fuel use, advanced wood pellets compared to ‘white pellets’ 
have a significant economic advantage when logistics and actual cost of use at the power plant 
is considered. 
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INTRODUCTION 
 
Use of Biomass Fuels in Global Power Generation with a Focus on Biomass Pre-Treatment 
 

Various policies exist that may drive the increased use of both untreated biomass and 
pretreated biomass in power plant operations. These include local state mandates and the 
Federal Clean Power Plan which are addressing increase in renewable energy technologies for 
both enhancement of U.S. and state energy security and greenhouse gas reduction. The President 
announced the new Clean Power Plan for reducing emissions, with a call for a 32% cut in 
emissions by 2030 from 2005 levels.(5) In addition, the central component of the U.S. pledge to 
its international partners is to cut greenhouse gases by a range of 26%-28% by 2025 from 2005 
levels. Co-firing biomass in large scale U.S. coal fired powered power plants will reduce CO2, since 
carbon from biomass is considered carbon neutral per the Clean Power Plan. In addition to new 
federal greenhouse gas emission regulations, many U.S. states have Renewable Portfolio 
Standards (RPS) or Goals to improve air emissions as illustrated in Figure 1:  

 
 

 
Figure 1: States with Renewable Portfolio Standards or Goals.(7) 

 
 

Renewable portfolio standards (RPS), also referred to as renewable electricity standards 
(RES), are policies designed to increase generation of electricity from renewable resources. A 
detailed listing of state level power incentives has been summarized by the U.S. Department of 
Energy and includes both the RPS and performance standards that apply to a given state. This 



2 

information should be reviewed to understand the local situation for a given power plant 
application.(6)  

These policies require or encourage electricity producers within a given jurisdiction to supply 
a certain minimum share of their electricity from designated renewable resources. Generally, 
these resources include wind, solar, geothermal, biomass, and some types of hydroelectricity, 
but may include other resources such as landfill gas, municipal solid waste, and tidal energy. 
Renewable portfolio standards, therefore, motivate states to utilize biomass as a renewable fuel 
source to partially replace coal as the primary fuel source in U.S. power plants. 

Biomass generation is forecasted to increase nearly four-fold from 2010-2035 driven by two 
main factors:(7) 

 

 Federal requirements to use more biomass-based transportation fuels (see 
Renewable Fuels Standard), which leads to increased electricity generation as a co-
product from liquid fuel facilities such as cellulosic ethanol refineries.  

 Co-firing of biomass with coal increases over the projection period, induced partially 
by State-level Renewable Portfolio Standards (RPS) as well as favorable economics in 
regions with significant forestry residues (see Figure 2).  

 
 

 
 

The U.S. is the largest biopower producer. It generates 37 billion kWh of biomass electricity, 
which requires about 60 million tons of biomass per year. The U.S. has more than 7,000 MW of 
installed biomass power capacity. It has over $15 billion invested in this area, with greater than 
66,000 jobs.(7) 

Figure 2: Projected non-hydro renewable electricity generation 2010-2035.(7) 
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Carbon-capture and sequestration technology is still under development; so many coal plants 
are looking for alternative ways to reduce the CO2 from larger scale fossil fueled power plants. 
Some utilities have started mixing their coal with a cheap material such as woody biomass that 
could help them meet the expected EPA targets. 

Until adequate methods of sequestering and storing and/or utilizing CO2 from coal fired 
power plant stack gases are developed and implemented, co-firing with wood and coal is a viable 
‘bridge strategy’ for increasing the use of renewable resources while reducing atmospheric CO2. 
Worldwide, over 200 test burns for co-firing wood with coal at large scale coal fired power plants 
have been conducted to show the feasibility of this technique to reduce CO2 in plant emissions.(1)  

Co-firing with biomass is a ‘ready-to-deploy’ method of transitioning to a decarbonized electric 
power grid.  

Biomass co-firing offers the potential to solve multiple problems. The current fleet of lower-
cost, coal-fired, base load electricity generators is producing over 50% of the nation’s power 
supply. With the 1990 Clean Air Act Amendments (CAAA) requiring reductions in emissions of 
acid rain precursors such as sulfur dioxide (SO2) and nitrogen oxides (NOx) from utility power 
plants, co-firing biomass at existing coal-fired power plants is viewed as one of many possible 
compliance options.  

In addition, co-firing with biomass fuels from sustainably grown, dedicated energy crops is 
viewed as a possible option for reducing net emissions of CO2. Coupled with the need of the 
industrial sector to dispose of biomass residues, biomass co-firing offers the potential for solving 
multiple problems at potentially modest investment costs. However, untreated biomass has 
several disadvantages compared to the coal that it is targeted to displace. These include: low 
energy density for green wood due to its high moisture content and lower fixed carbon content, 
poor grindability due to the tough nature of lignin bonding, extra logistical costs due the inherent 
moisture and low energy content, and the need to modify the power plant equipment because 
of the physical characteristics of the materials. Production of dried, pelletized wood addresses 
the issue partially by concentrating the energy value in the fuel product, but it still does not meet 
the inherent energy content of an equivalent amount of coal that is typically employed. This limits 
the amount of coal displacement that can be employed at the power plant without derating the 
boiler system. In addition, as will be noted later, significant capital investment must be made at 
existing plants to accept even pelletized woody, dried biomass at high levels. Further 
pretreatment of dried biomass using one of several treatment regimes (dry torrefaction, steam 
explosion, hydrothermal carbonization (wet torrefaction)) can overcome the limitations of the 
other forms of biomass, and this can lead to reduced capital costs in implementing a biomass co-
firing strategy(8) and reduced logistical costs in material movement and material storage. The 
energy content of the fuel is usually a design criterion for a given boiler system. Plants using U.S. 
Powder River Basin coal types have energy contents that are much lower than bituminous coals 
from eastern U.S. states. This can vary by coal type, but generally the Western coals have energy 
contents around 8,500 BTU/lb (19,728 kJ/kg) versus >12,000 BTU/lb (27,850 kJ/kg) for the 
Eastern coals. This difference will be a key factor in pretreatment of biomass to make its fuel 
content more like the coal that it is displacing. 

Compared with fossil fuels, raw biomass has not been widely utilized in the electric power 
generation industry due to its relatively low energy density without major modifications to the 
equipment. This low energy density results in prohibitively large transportation costs combined 
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with inconvenient biomass storage and handling issues. The plants using biomass on a co-firing 
basis generally are smaller in overall capacity (less than 50MW) in the U.S. A database of plants 
with their plant capacities is available and can be found summarizing the situation as of 2010.(9)  

There are great benefits for co-firing biomass with coal, and these are summarized by Future 
Metrics below: 

 
 “The environmental benefits are immediate and quantifiable. To lower carbon 

emissions by 10% requires a ratio of wood pellets to coal of about 11.24% pellets and 
88.76% coal. 

 The power generation assets that are fueled with pulverized coal gain significant new 
value. At a co-firing rate that results in a 10% CO2 reduction, the increase in cost of 
generation is estimated to be less than one penny per kilowatt-hour. 

 The coal producers have a long-term market for their product with a certainty for 
demand over the next several decades. Co-firing with biomass is not possible with gas 
turbines. 

 The wood pellet producers have a new and gradually increasing market also with 
known demand.”(10) 

 
Others note that biomass use in co-firing offers the potential to solve other key problems: 
 

 “The current fleet of low-cost, coal-fired, base load electricity generators are 
producing over 50% of the nation’s power supply. With the 1990 Clean Air Act 
Amendments (CAAA) requiring reductions in emissions of acid rain precursors such as 
sulfur dioxide (SO2) and nitrogen oxides (NOx) from utility power plants, co-firing 
biomass at existing coal-fired power plants is viewed as one of many possible 
compliance options.  

 In addition, co-firing using biomass fuels from sustainably grown, dedicated energy 
crops is viewed as a possible option for reducing net emissions of carbon dioxide 
(CO2).  

 Coupled with the need of the industrial sector to dispose of biomass residues, biomass 
co-firing offers the potential for solving multiple problems at potentially modest 
investment costs.  

 Torrefied biomass can lead to reduced capital costs in implementing a biomass co-
firing strategy” (by making the biomass similar to the coal it is displacing).(8) 

 
There are limits on how much co-firing can be achieved without significant plant modification. 

The European experience for biomass co-firing by premixing and co-milling have been 
summarized and, in general, indicate that 5% to 10% on a heat input basis of biomass can be 
employed without major equipment modification. The key constraints that are noted include:(11) 

 
 Availability of suitable biomass; 
 The limitations of on-site biomass reception, storage and handling facilities; 
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 The limitations associated with the ability of the coal mills to co-mill the biomass 
materials; and 

 Safety issues associated with bunkering and milling of the mixed biomass-coal blends. 
 
Other comments made based on the European experience include: 
 

 Co-firing in pulverized coal combustion (PCC) boilers is easy to achieve at low rates 
using wood chips or other biomasses simply by adding the material to the coal feed 
to the existing mills; fly ash quality not usually an issue. 

 Wood pellets can be used at higher co-firing rates in PCC boilers using more extensive 
modifications – some fire 100% biomass. 

 Modified fire safety systems are essential. 
 Deposition and corrosion are containable. 
 Efficiencies are not very greatly reduced. 
 Importance of ensuring sustainability of biomass production, consistency, and 

biomass product standards is fully recognized by the utilities. 
 

Some plants have converted to 100% biomass, but in order to accomplish this they spend 
significant capital to modify the plant to accommodate the materials. Examples are the Schiller 
Station in Portsmouth, NH which converted one of three50 MW lines to burn wood chips, but the 
line required installation of a new fluidized bed boiler at a conversion cost of $70 million.(12) 
Another example is the Drax Power Plant in the United Kingdom that has converted two of its six 
plants to burn 100% wood pellets.(13) 
 
  
THE RISE OF BIOMASS PRETREATMENT TECHNOLOGIES 
 
Wood Pelletization - Dried Wood Processed into a Uniform Shape and Size 
 

Biomass pre-treatment technologies have been or are being developed to densify biomass 
into forms that can be stored and handled in a manner consistent with coal usage at power 
generation operations without the need for massive equipment modifications and new storage 
facilities. In reviewing the status of biomass pretreatment technologies, it is well known that the 
biomass industry is focusing on biomass pretreatment technologies for pelletizing raw biomass 
fuels or otherwise densifying torrefied biomass fuels. The wood pelletizing process for production 
of wood fuel pellets is a well-developed technology, and turn-key plants are now implemented. 
U.S. examples include: Enviva Partners, Highland Pellets, New England Wood Pellet, Fram 
Renewable Fuels, Georgia Biomass, Green Circle, Solvay New Biomass, and others. 
 
 
Concentration of Energy Beyond Dried Wood and Enhancing Fuel Properties 
 

The pretreatment wood industry, by contrast, is in a ‘development stage’ in that many 
pretreatment processes (torrefaction, steam explosion, and hydrothermal carbonization) are 
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being researched and refined, with uncertainty of which technologies will prevail to 
commercialization. U.S. examples include Zilkha, Solvay New Biomass Energy, River Basin Energy, 
and others. The matrix in Table 1 summarizes the current state of developments in North 
America. The world situation is reviewed later. 
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The global electric power industry is seeking ‘refined’ renewable fuel products to partially or 
fully replace coal as its fuel source in order to reduce carbon and other emissions (e.g., mercury). 
‘Refining’ is a generic term for different fuel pretreatment processing technologies including 
steam explosion, torrefaction, and hydrothermal carbonization (HTC) (sometimes referred as wet 
torrefaction). All these technologies have the common goal of modifying the lignocellulosic 
components of the biomass, namely hemicellulose and cellulose, to produce a more ‘coal-like’ 
product capable of being milled to a fine particle size like coal for use in pulverized coal injection 
(PCI) boiler systems. Raw pelletized biomass products are not easily milled like coal, and 
therefore, are not easily used as fuel sources feeding typical PCI burners in power plant boiler 
systems. In general, the energy density is higher for the thermal processed biomass than for 
unprocessed biomass with the thermal processed material having higher specific heating 
value.(14) 

 

 
    
BIOMASS DENSIFICATION TECHNOLOGIES 
 

Densification of biomass is a process of reducing the bulk volume of the material by 
mechanical means for ease of handling, improved transportation and for more efficient storage. 
Densification increases the bulk density of biomass, increasing the efficiency of its transportation 
and making it more competitive with fossil fuels. Mechanical type presses, for example, are used 
to produce biomass pellets, tablets, and/ or cubes. Raw biomass fibers can be converted from a 
density of 5 lbs/ ft3 (80 kg/m3)to a density of 40 lbs/ft3 (640 kg/m3) in the densification process.(16)  

In general, biomass densification focuses on pelletization, but briquetting is considered as 
well. Good quality pellets can be produced without additional binders being used; however, 
pelletization strongly depends on the type of biomass feedstock being used. Without binders, the 

Figure 3: Relationship between cellulose lignin and hemicellulose.(15) 
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window for tuning product quality to logistics and end-use can be very tight. Good quality control 
of pelletization process conditions is essential, especially in the case of producing torrefied 
biomass pellets. For torrefied materials, the degree of temperature and overall processing 
become extremely important parameters that impact the ease of densification of the processed 
materials. In addition, fuels are manufactured in the pretreatment process, and as such, special 
attention to safety issues is essential to reduce self heating and dust explosion problems.(17) 
 
 
Biomass Densification: Pelletizing/Briquetting Process 
 

Biomass densification processes are divided into two broad categories, closed and open die 
compaction. Biomass pellets are formed by a continuous extrusion process through an open die. 
Biomass briquettes are formed in a roll press machine utilizing closed cup compaction.(18) Wood 
pellets and torrefied wood pellets currently dominate biomass renewable fuel sources used in 
the electric power generation industry, and wood pellets dominate the home heating 
marketplace.  

Loose biomass material having an average density of 5 lbs/ft3 (80 kg/m3) typically has high 
moisture (30-50% H2O), non-uniform particle size, and is susceptible to spoilage through 
biological reaction with bacteria and mold. The pelletizing/briquetting process then converts low 
density biomass into high density pellets/briquettes with an average density of 40 lb/ft3 (640 
kg/m3). This pelletized/briquetted product typically has lower moisture, uniform size, is easy to 
store in covered storage facilities, and can be transported long distances.(16) 

Biomass pelletization (production of ‘white’ pellets) processes manufacture products having 
the following advantages as compared to loose biomass products: 
 

 Uniform size (10-12mm x 6mm), density, and moisture content;   
 Moisture content, (6-8% H2O); 
 Easy to transport, convey, and feed using existing systems; 
 High heating value (~18.5 GJ/t) (15.9 MMBTU/st); 
 Multiple uses such as power generation, domestic heating, biofuels production, and 

animal bedding; and 
 High export value. 

  
Many factors impact the strength and durability of pellets. Strength refers to the compressive 

and impact resistance pellets have, while durability refers to the friability or abrasive resistance 
pellets possess. Parameters impacting strength and durability include: additive and/or binder 
addition, moisture content, particle size, pelletizing temperature, pelletizing pressure, steam 
conditioning (steam explosion processing), torrefaction processing, and possible other factors. 

Additives in biomass pellet production will usually increase the strength and durability of 
wood pellets. The composition of biomass materials directly influences bonding characteristics 
in pellets. High lignin content biomass can generally readily molded into pellets because lignins 
are the natural binders. Lower lignin content biomass need binding agents to develop improved 
bonding effects.(19 )   
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Figure 4: Composition of biomass materials directly influences  

bonding characteristics in pellets.(19) 

     
 

Moisture content has a large effect on biomass pelletization and the strength of the pellets 
produced. Some water is necessary in the pelleting process for the development of 
intermolecular forces. However, too much moisture can lead poor pellet quality. Li and Liu(35) 
suggest that the optimal moisture content for the densification of woody biomass is between 6% 
and 12%. Optimal moisture content for biomass pelletization reported in the literature spans a 
broad range, suggesting that the effect of moisture on the densification process is not well 
understood. (18) 

Biomass particle size also plays a key role in the biomass pelletization process acting as a key 
variable determining the strength of the pellets produced. When the feedstock is compacted, the 
distance between the particles is reduced and the intermolecular attractive forces play a role in 
the particle bonding. Commonly, the attractive force is increased as the particle size is 
decreased.(19) 

Temperature is another key variable that affects the biomass pelletizing process. Higher 
temperatures produced during pelletization can partially melt the biomass constituents, which 
helps particle molecular diffusion and results in the formation of solid bridges between particles 
as pellets are cooled down.(19) 

Pressure applied to biomass materials during the pelletization process is also a key factor in 
producing strong, durable pellets. Mechanical pressure developed in pellets mills is one of the 
major factors that influence particle bonding effects. Higher pelletizing pressure will result in an 
improved particle bonding effect.(19) 
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THERMAL PRETREATMENT OF BIOMASS – STEAM EXPLOSION 
 

As mentioned previously, different fuel processing technologies for ‘refining’ and improving 
biomass properties for use as coal replacements in electric power generation plants include 
steam explosion, torrefaction, and hydrothermal carbonization (HTC). Steam explosion 
treatment increases the calorific value of biomass due to the removal of moisture and volatiles 
and provides for the thermal degradation of hemicelluloses present within the biomass particles. 
The removal of hemicelluloses changes also the mechanical properties of the biomass. Steam 
explosion turns biomass from a tenacious flexible material into a brittle rigid material. This 
behavior is quite important since the mechanical properties of biomass often limit its utilization 
in existing coal fired heat and power plants (Combined Heat and Power (CHP)) plants. Steam 
exploded biomass has more ‘coal like’ properties compared to untreated biomass creating more 
favorable grinding and combustion characteristics.(20)   

The hygroscopic nature of biomass is high due to the presence of hydroxyl (OH) groups within 
hemicellulose and cellulose (see Fig. 3). These OH groups provide active bonding sites for water 
molecules. Depending on the severity of the steam explosion process, the number of available 
hydroxyl groups is often drastically reduced.(20) As a result, the carbon content of the biomass 
increases as oxygen and hydrogen atoms present in the hydroxyl groups are removed during the 
steam explosion process. A typical steam conditioning devices is shown in Figure 6.   

 

Figure 5. Mechanical pressure applied within pellet mills is one of the major  
factors that influences particle bonding within biomass pellets.(19) 
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The changes in physical appearance of wood pellets treated with increasing steam explosion 
treatment times is shown in Figure 7. 
 

From left to right: untreated, 200 °C for 5 min, 200 °C for 10 min, 220 °C for 5 min, and 
220 °C for 10 min. Pellets are 6.62 mm in diameter and about 18 mm in length. 

 
 

The reduction of fibrous particles resulting from steam explosion pretreatment is shown in 
Figure 8.(21) Two companies that extensively use the steam explosion concept are Zilhka and 
Arbaflame.(22) The removal of the hydroxyl groups from the biomass structure greatly improves 
the ability fo the materials to shed water and remain intact through water submersion. This is 
illustrated in Figure 9. This change in properties is generally referred to an increase in 
hydrophobicity and the key implication is the ability of the material to be stored outside without 
a cover. This can greatly reduce storage costs associated with the fuel products that are 

Figure 6. Biomass steam conditioning equipment design.(16) 

Figure 7. Physical appearance of wood pellets treated at  
different steam explosion conditions.(20) 
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manufactured. The ‘white pellets’ shown on the left glass basically have soaked up all the water 
in the glass and have disintegrated in structure, while the steam exploded pellets have not taken 
up much if any moisture and remain intact as shown in the glass on the right of Figure 9. 
 

Untreated Pellet       Steam Exploded Pellet    

 
 

 
 

Steam explosion biomass pretreatment technology can be applied prior to torrefaction 
pretreatment to improve pellet processing as illustrated in the following pellet process flow 
diagram (Figure 10):  

Figure 8. SEM photos of the cross-section of pellets made from (left) untreated 
and (right) steam-exploded (220° C for 5 min) feedstock at low magnification 
(30x). Untreated pellets show the stack of fibrous particles. The fibrous structure 
is not visible in the treated sample.(21) 

Figure 9. Water resistance properties shown by steam exploded wood pellets above  
on the right versus water soaked untreated wood pellets shown on the left.(22) 
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The rationale for combining these approaches is to enhance both the energy content and the 
grindability of the final product. Steam exploded material has a higher energy density than typical 
‘white pellets,’ but less than that obtained after a torrefaction treatment. The torrefaction 
treatment also improves the grindability of the final product relative to either ‘white pellets’ or 
steam exploded material alone. Work at the University of Minnesota’s Natural Resources 
Research Institute (NRRI) has also shown that adding some portion of steam exploded material 
to torrefied materials can greatly aid in the densification of the final products. In this case, the 
steam explosion process can be viewed as one way to create natural binders that allow enhanced 
processing for torrefied materials that have enhanced energy content relative to other 
pretreatment regimes. 

In order to provide a comparison of pellet properties produced by various biomass pre-
treatment techniques, Table 2 is shown illustrating the differences in biomass pellet properties. 
 
 
Table 2. Biomass pellet quality comparison.(16) 

 

Properties Saw Dust Wood Pellets 
Steam Exploded 

Pellets 

Moisture (%) 40 7-8 2-3 

Energy Content 
(MJ/kg) 

10 19 20 

Bulk Density (kg/m3) 180 650 800 

Energy Density 
(GJ/m3) 

1.8 12.4 16 

Moisture Uptake high high low 

Figure 10. Use of the steam explosion process prior to torrefaction to improve  
the biomass pelletizing process.(16) 
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THERMAL PRETREATMENT OF BIOMASS – TORREFACTION 
 

Torrefaction of biomass can best be described as a mild pyrolysis processing technique. The 
biomass is chipped to a uniform size and heated to a temperature of between 250-320o C under 
atmospheric pressure in an atmosphere free of oxygen. The processing goal is to provide for the 
destruction of hemicellulose in the biomass particles. In this temperature range, carbonization 
and limited volatisation of lignin, cellulose, and hemicellulose structures takes place. Depending 
on the input material and process conditions chosen, 30% of the dry mass is typically devolatised 
as torrefaction gas. This gas product can be burned as fuel in a separate combustion chamber to 
evaporate the moisture out of the incoming biomass feed and/or to provide heat for the 
torrefaction process itself. Typically, about 90% of the lower heating value (LHV) of the raw 
biomass material is contained in the torrefied product which generally amounts to 70% of the 
original dry mass.(23) If we consider raw biomass at roughly 40% moisture, this would imply that 
for 1 unit of torrefied biomass produced, one would need approximately 2.4 units of raw biomass 
feed material. 

 
The advantages of applying the torrefaction pre-treatment process to biomass are listed as 

follows:(3, 32) 

 
1. Significant cost reductions in transport and handling of the product; 
2. Broader feedstock basis - geographically plus types of raw material; 
3. Almost zero biodegradation of product when stored (little interaction with biological 

agents); 
4. Large variety of applications; 
5. Reduces CAPEX and OPEX at the end user (can utilize like coal); 
6. Provides for immediate use in existing coal fired plants; 
7. Provides improved grindability and water resistance characteristics; 
8. Combusts cleaner, gasifies easier and cleaner (less ash, mercury, sulfur than coal); 
9. Can be made to measure to clients requirements (can vary degree of torrefaction); 
10. Helps developing the market towards commoditisation; and 
11. Process removes the smoke forming and highly reactive compounds from the biomass 

(removal of oxygenated hydrocarbons through the torrefaction regime). 
                    

As a result to applying the torrefaction pre-treatment process to biomass, a significant 
improvement in the suitability of biomass for co-firing in coal fired power plants is produced 
while providing the potential to enable higher co-firing percentages at reduced rates versus using 
untreated wood pellets. The quality of the torrefaction process depends on the balance between 
temperature and residence time to preserve a maximum of energy density and to achieve certain 
fuel properties like grindability and hydrophobicity. For densification (pelletization or 
briquetting) of the product, it is important to keep an amount of lignin as natural binder in the 
biomass in order to avoid the need for additional binders.(21) Retained weight percentages of the 
various components of wood as it passes through increasing temperatures stages during the 
torrefaction process are shown below in Figure 11: 



20 

 
Some representative coal heating values and chemistry compared to torrefied wood pellets 

heating value and chemistry values are shown in Table 3.(24) The reductions in ash, sulfur, 
nitrogen, and chlorine content as a result of torrefaction biomass pre-treatment processing 
demonstrates the reduction in toxic gas emissions that can be obtained in using torrefied fuel 
products.  
 
 
Table 3. Coal heating value and chemistry compared to torrefied wood pellets. 
 

Item Coal (can vary by type) 
Torrefied Pellets (varies by 

degree of torrefaction) 

Heating Value 25 GJ/T 22 GJ/T 

Ash Content 10% 3% 

Sulfur Content 3% 0.1% 

Nitrogen Content  1.5% 0.2% 

Chlorine Content 0.05% 0.01% 

 

Figure 11. Changes in weight percentages of the main biomass components  
during the torrefaction process.(24) 
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The benefits of torrefaction processing of biomass are shown as follows with the processes 
ability to produce a more homogeneous output product: 
 

1. Uniformity of both physical and chemical properties; 
2. Allows sourcing of different types of woody biomass in a single device, and therefore 

the economics of densification can be improved; 
3. Provides the possibility of utilizing different types of local woody biomass for energy 

use in a single end user combustion unit and therefore improves fuel availability, 
supply reliability, and reduces fuel costs; and 

4. Reduces handling and storage costs through concentration of energy values and 
potentially in lowering storage costs. 

 
When torrefied biomass pellets are produced, two different production pathways can be 

followed as listed below: 
 

1. Pathway 1: Torrefied biomass can be densified into densified compacts such as 
pellets, extrudates or briquettes. 

2. Pathway 2: Densified white pellets can be torrefied and then redensified (if required). 
 

The two pathways have distinctly different requirements. Pathway 1 often requires high 
energy and/or use of binders to densify the torrefied biomass into strong, durable pellets. 
Pathway 2 requires maintenance of physical compaction during and after torrefaction and 
requires that pellets be torrefied as efficiently as wood chips. Construction of an energy and mass 
balance of the two pathways gives valuable insight into the energy requirements of each 
torrefaction pathway as shown in Table 4: (25)  
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Table 4. Overall Energy/Mass Balance for the Two Torrefaction Pathways.(25) 

 
Pathway 1 (Pelletization before torrefaction) 
 

 Unit energy required 
KJ/kg 

Initial Mass 
( Kg ) 

Consumed Energy 
( kJ ) 

Drying 1327.7 1 1327.7 

Grinding 291.9 0.71 206.1 

Pelletization 756.9 0.65 492.0 

Torrefaction 522.9     0.62 322.1 

    

Total   2347.9 

 
Pathway 2 (Pelletization after torrefaction) 
 

 Unit energy required 
KJ/kg 

Initial mass 
( Kg ) 

Consumed Energy 
( kJ ) 

Drying 1327.7 1 1327.7 

Torrefaction 545.1 0.71 384.9 

Grinding 39.1 0.53 20.5 

Pelletization 461.1 0.59 271.6 

    

Total   2004.7 

 
 

The results in Table 4 indicate that potentially less energy is required in processing via the 
second pathway. A caution on this study is that it was undertaken at the bench scale and may 
not be representative of what actually happens at larger scale with complete utilization of energy 
from the various off-gases that are produced. In addition, the bulk density of the materials from 
Pathway 2 is less than that obtained from Pathway 1. Work at the NRRI has shown an interesting 
result in that the processing by Pathway 2 does result a product when simply crumbled has an 
enhanced bulk density and improved hydrophobic character relative to the uncrumbled product 
from Pathway 2. The crumbled product results in a very coarse particulate material that may be 
a good fuel product. 

Torrefied biomass can be densified into a range sizes as shown in Figure 12 below: 
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Figure 12. Torrefaction products can be densified into a range of sizes (Andritz, AG). 

 
 

Torrefaction significantly improves heating values and the energy density of the fuel products 
as summarized in data from the IEA Bioenergy Task Report shown in Table 5.(26) 
 
 
Table 5. Comparison of Fuel Properties.(26) 
 

Item Wood Wood Pellets 
Torrefaction 

Pellets 
Charcoal Coal 

Moisture Content (wt%) 30-45 7-10 1-5 1-5 10-15 

Lower heating value (MJ/kg) 9-12 15-18 20-24 30-32 23-28 

Volatile Matter (% db) 70-75 70-75 55-65 10-12 23.28 

Fixed Carbon (% db) 20-25 20-25 28-35 85-87 50-55 

Bulk Density (kg/l) 0.2-0.25 0.55-0.75 0.75-0.85 ~0.2 0.8-0.85 

Energy Density (GJ/m3) 2.0-3.0 7.5-10.4 15.0-18.7 6-6.4 18.4-23.8 

Dust Average Limited Limited High Limited 

Hydroscopic Properties Hydrophillic Hydrophillic Hydrophobic Hydrophobic Hydrophobic 

Biological degradation Yes Yes No No No 

Grindability Poor Poor Good Good Good 

Handling Special Special Good Good Good 

Quality Variability High Limited Limited Limited Limited 
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A table showing the growing list of torrefaction initiatives around the world as of 2015 is next 
shown in Tables 6a and 6b:(27) 
 

 

Table 6a. Growing list of torrefaction initiatives. 

Table 6b. Growing list of torrefaction initiatives. 
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PELLETIZATION/BRIQUETTING WITHOUT BINDER USE 
 

Some products have better densification properties than others after pretreatment. This is 
largely due to the retained lignin amount and lignin form that remains after processing. Specific 
conditions for densification will vary by processing temperature employed in pretreatment of the 
biomass and subsequently the temperature employed in the densification step. This directly links 
the two processes and if the materials are densified without cooling to ambient conditions, 
binding agents may or may not be needed. For example, if the materials are torrefied at the lower 
temperatures employed during this processing, enough soft lignin material may be available to 
act as a binding agent that will result in a strong and stable compact after the densification step. 
If higher temperature and more rigorous torrefaction conditions are employed the lignin appears 
to crystallize and lose its binding capability and this makes densification without a binder more 
difficult. Under these conditions, an external binding agent is added to facilitate the densification 
process. 
 
 
Binder Types 
 

Binders are divided by their function into matrix type, film type, solvent type and chemical 
binders:(28) 

 
 Matrix type binders embed the particles into a substantially continuous binder phase. 

The properties of the briquettes, therefore, are largely determined by the properties 
of the binder. 

 Film type binders are like glues and usually depend upon the evaporation of water or 
some solvent to develop their strength. 

 Solvent type binders are sometimes used, even though the material can be briquetted 
with pressure alone, as lower pressures can be employed and briquettes with a more 
porous structure can be made this way. 

 Chemical binders can be either film or matrix type. 
 
 
Natural Binders  
 

The pelletizing of biomass pellets is assisted by the presence of lignin that melts and flows to 
act as a binder. The presence of lignin is the key factor to achieve biomass pelletizing success. 
The addition of a small fraction of wax is often practical. While the lignin content in wood is 
usually enough to bind pellets, other forms of biomass require special conditioning to strengthen 
them. Sometimes binders such as starch, sugars, paraffin oils, or lignin must be added to make 
the biomass malleable.(4) The natural binders in biomass can be activated (softened) under high 
pressures in the presence of moisture (e.g., water soluble carbohydrates) and in some cases 
increased temperature (e.g., lignin, protein, starch, and fat). When pressure is removed and the 
binder cools, it hardens or ‘sets up’ forming bridges or bonds between particles, which has the 
effect of binding them together and making the resulting product more durable.(21 ) 
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Activating (softening) the natural binding components through moisture and temperature in 
the range of glass transition is essential to produce highly durable briquettes and pellets. The 
glass transition temperature is the minimum temperature required for activation of natural 
binders to produce durable densified products. The measured temperatures of roll-press 
briquettes and pellets ranged from 51 to 81° C, which is well within the range of glass transition 
temperatures of corn stover and switchgrass (i.e., 50–113° C). Therefore, by providing enough 
moisture and a temperature in the range of the glass transition for the biomass materials, natural 
binding components can be fully activated to produce higher amounts of natural binders from 
the biomass cells to enhance their binding functionality.(21)  

Common binders in biomass pellet production include bonding agents for wood pellets 
include starch, molasses, natural paraffin, plant oil, lignin sulfate, lignosulfonates, and synthetic 
agents. A binder can be a liquid or solid forming a bridge, film, or matrix, or to cause a chemical 
reaction imparting enhanced inter-particle bonding.(19) 

 
 
Binders to improve mechanical durability 
 

Some of the most common binders tested so far are lignosulfonates, starches (potato peel, 
potato flour, maize starch, corn starch, wheat starch), vegetable and mineral oils, sodium 
carbonate, urea, glycerol, and various forms of lignin. Potato flour is one of the most cost 
effective and contains a relatively small amount of alkali-minerals such as potassium. Durability 
improvements of one percent or more (measured in accordance with ISO/EN 17831-1) have been 
recorded for wood pellets.(24)  
 
 
Binder additives used in biomass pellet production 
 

A detailed description of common binders used in biomass pellet production is given as 
follows:(19) 

 
 
Starch 
 

Bonding agents (from corn or rice) can also be used to decrease abrasion. Small amount of 
starch, less than two percent by mass, increase pellet strength. The most common starches are 
derived from potatoes and corn. A cost benefit analysis must be performed to determine if, and 
how much, starch should be used. This sort of addition is common in Austria, a leading country 
in the utilization of biomass pellets. However, numerous other factors determine the overall level 
of abrasion. 
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Lignin 
 

Lignin acts as a binder in situ in the feed material, although it can also be added as a binder—
obtained as by-product of the pulp and paper industry. At elevated temperatures, lignin softens 
and helps the binding process. There is a threshold to the advantages of adding lignin, however. 
Levels above about 34 percent in wood tend to decrease durability. 
 
 
Fiber 
 

Fiber can be classified as water-soluble and water-insoluble fibers. Water-soluble fibers 
increase the viscosity of the feed and positively affect the structural integrity of the pellets. 
Water-insoluble fibers may entangle and fold between particles or fibers. Increasing the crude 
fiber content from between 18 to 27 percent increases the durability of alfalfa pellets by about 5 
percent. Other potential additives to improve pellet quality include hydrated lime and pea starch. 
 
 
Lime 
 

Biomass combustion appliance manufacturers often recommend the addition of lime (CaO) 
to reduce clinker formation and slagging. Limestone creates a chemical compound such as CaSO4 
which has a higher melting temperature, thus stays in the bottom ash. Limestone also has the 
added benefit of reducing HCl formation. 
 
 
The need for water resistant binders in biomass production  
 

‘White pellets’ are neither waterproof nor water repellant. Lignin, while present in significant 
quantity in torrefied wood, is largely blocked from coming to the surface during pelletizing of 
torrefied wood. Generally the amount of lignin that finds its way to the surface does not bind 
well to the charred surface of torrefied particles. Addition of water resistant binders is required 
to produce a water repellent torrefied wood pellet or particle.(21 ) 

Although torrefied wood particles are hydrophobic their actual water repellency is very low. 
Pelletizing into a highly water repellent pellet or briquette is required for the torrefied wood 
industry to produce an acceptable coal replacement product that can be shipped in bulk in open 
containers. The current development of a pyrolysis oil product will allow the transportation 
infrastructure currently in place for coal to utilize open barges and rail cars as is the current 
practice for coal. 

Mississippi State University (MSU) has developed a low-cost binder to produce a high-density 
pellet with high water resistance. The pyrolysis oil binder is produced from biomass and has a 
neutral pH of 6.2 such that the pellet do not produce corrosive gases during their combustion. 
No chemical cross linking agents, such as formaldehyde, are required making this binder very 
environmentally friendly. At 2% loading, biomass contained in the binder adds roughly 10% to 
the higher heating value (HHV) of the pellets that it binds. 
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The MSU binder is suitable to produce densified highly water repellent pellets with many 
different biomass feed- stocks. These products include densified switchgrass pellets, char, 
torrefied wood and powdered coal/torrefied wood pellets. The binder utilized has provided 
increased density and water repellence for all products tested. This study reports only on the 
results of producing pellets with torrefied wood. The utilization of this binder is similar to the 
utilization of any carbon based biomass in the sense that combustion will have a neutral influence 
on global carbon balance.(21) 

The Natural Resources Research Institute, University of Minnesota has shown that both 
steam exploded woody material and hydrothermally processed northern wood materials possess 
very excellent binder characteristics and can be added to torrefied material to greatly facilitate 
strong, sound densified compacts that possess moisture resistance. This work is not yet reported 
in the literature, but seems to hold significant promise for future biofuel application. 
 
 
THERMAL PRETREATMENT OF BIOMASS – HYDROTHERMAL CARBONIZATION (WET 
TORREFACTION)  
 

Hydrothermal carbonization (HTC or wet torrefaction) is a technique that processes biomass 
under pressure and temperature in an autoclave type of environment. Typical process conditions 
include pressures up to 50 bar (735 psi) and temperatures between 200 and 250oC. Under these 
conditions, raw biomass will break down to produce a material similar to dry torrefied products, 
but with very excellent bindability. Work conducted at the bench scale at the NRRI has shown 
that the solid material produced usually separated from the slurry that is formed in processing 
can be separated using centrifuging technology. The separated solids still have some moisture 
associated with them, but have a mud like appearance. This ‘energy mud’ can easily be densified 
into solid compacts using standard equipment and possesses energy contents similar to the 
material produced via dry torrefaction. In addition, the products appear to resist moisture 
degradation largely due to the better bindability of the material and the loss of oxygenated 
components to the liquid phase during processing.(29) Briquettes or other shapes can also be 
made from the collected solids with low pressure densification methods. These researchers have 
also found that product from the HTC process has excellent qualities as a binder and have made 
various combination of HTC produced products that subsequently blended at various levels with 
fuels produced using torrefaction to produce densified, stable, moisture resistant compacts that 
have high energy value ~20,890 kJ/kg (>9,000 Btu/lb). Other researchers have found that HTC 
material similar results.(14) Materials beyond woody biomass have also been processed with 
similar results and these include switch grass, rice hulls, miscanthus, and corn stover.(30) 
 
 
ADVANTAGES OF BIOMASS PRETREATMENT 
 

As noted in the previous sections, steam explosion, torrefaction, and hydrothermal 
carbonization can be used to concentrate the energy content of raw biomass. This takes the raw 
biomass and makes it more compatible with solid fuels like coal and facilitates its use at power 
plant facilities without major changes in power plant equipment. Experience in using either raw 
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biomass or ‘white pellets’ indicates that major changes in equipment are necessary to utilize 
these latter materials at high substitution rates. In addition, a key issue with biomass use is 
logistics. Concentrating the energy content so that less material must be handled and 
transported to the user site lowers the costs associated in these areas. The costs associated with 
material storage can also be improved if the upgraded materials can be stored in a manner similar 
to coal. Steam exploded materials and HTC materials possess good moisture resistance, but 
torrefied materials with good moisture resistance still appear to be a developing area. 

Also, as noted previously, the polar components of raw biomass appear to be significantly 
altered using the three treatments noted and this improves the hydrophobic character of the 
products. However, when the treatment regime exceeds a certain degree for torrefaction, the 
resultant materials are difficult to densify without a binder and compaction then requires use of 
binding materials that may not result in hydrophobic properties for the resultant products. If this 
is the case, then covered storage may be necessary in order to avoid material breakdown. 

The pretreated materials also weaken the lingo-cellulosic structure of the produced biomass 
fuels and this can lead to better grindability of the fuel products produced relative to raw biomass 
or ‘white pellets.’ This then can allow co-milling of the processed biomass with coal without 
significant equipment modification. The use of the three techniques should be viewed as a 
facilitation step in increasing the potential utilization of biomass in established coal-based power 
plant and industrial applications that currently utilize coals. The degree of energy compatibility 
will be dependent on the original boiler or process design and the type of coal used in designing 
the original facility. For example, if the facility is designed to use Western coals from the USA 
such as Powder River Basin coals, all three pretreatment techniques can produce energy products 
with similar energy content to the coal employed. If the coals used are from bituminous 
characteristics, dry torrefaction appears to be the technology that will allow products that more 
closely match the desired energy characteristics. 

Another key attribute for use of the pretreated materials is their potential positive impact on 
reducing emissions from power generation. Woody biomass has inherently lower sulfur and 
mercury compared to coal. Increasing use of these biomass fuels in the coal blend will have a 
positive impact on the emissions profile at the end user and likely will reduce overall emissions 
control costs. As the pretreated biomass is more compatible with the coals that are to be 
displaced, this allows for greater substitution levels at the user facilities and may allow ease of 
the facility in meeting current or anticipated environmental standards. 
 
 
LIMITATIONS OF REFINING BIOMASS 
 

Currently, the main limitation of refined biomass products is the uncertainty concerning 
availability and quality. At this stage there are only a few facilities for refined biomass that are 
capable of delivering the substantial amounts required by the end users. For most of those 
facilities the big challenge remains to produce a constant biomass quality due to the variability 
in raw biomass specifications and the complexity of process control.  

Except for the HTC and the steam explosion processes, the presence of inorganic fuel 
constituents is usually not influenced by the biomass refining process. That means if high alkali 
and chlorine biomass is used for the process, the resulting refined fuel will typically keep this high 
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amount of chlorine and alkali. This results in the well-known slagging, fouling and corrosion issues 
with boiler operations or with industrial applications using refractory lining materials and limits 
the co-firing ratio.  

Due to the fact that part of the organic material in the biomass is evaporated, the internal 
surface area of the biomass fuel increases significantly through the refining process. This usually 
leads to a higher reactivity and certain safety issues. Though some tests revealed explosion 
characteristics comparable to coal, other tests showed explosion characteristics by far more 
critical than for coal.  

Because of the currently experienced variation in quality of the refined material (torrefaction 
process control and performance) and of the densified biomass (durability after pelletization or 
briquetting), the pretreated biomass products may tend to have higher dustiness levels 
compared to the coals that they displace. This implies that specific countermeasures must be 
taken to avoid problems at the user handling and storage sites. The hydrophobicity of the refined 
biomass must also be understood. At this stage of technology development – it strongly depends 
on the refining process control and performance. Stability of refined biomass pellets over several 
months has been observed as well as disintegration after two days. Significant work is underway 
to develop enhanced water resistance properties for the pretreated materials, and as noted 
previously, this will depend on the degree of pretreatment and the linkage of the densification 
process to the energy concentration method employed to process the biomass materials. If 
drying alone is used, no hydrophobicity develops. If the pretreatment method drives out the 
polar components in the original biomass then the produced material does develop water 
resistance properties. The final characteristics of the produced fuel product will then depend on 
what has to be used to gain effective densification. 
 
 
RECENT TECHNOLOGY DEVELOPMENTS 
 

As of 2015 some important progress is noted as follows: 
 
 The torrefaction technology has been proven on pilot scale and a number of 

demonstration and (semi)commercial facilities have been realized.  
 The companies involved have significantly improved their ability to produce high 

quality products, with pellets of comparable durability to conventional wood pellets.  
 The torrefied pellets exhibit comparable supply costs; however, for the end user it 

provides superior handling and combustion characteristics.  
 Total cumulative production figures are estimated at 70-120 kt of torrefied product 

to date.  
 The product has been used in coal plants, gasifier(s) and non- industrial facilities, 

although in very few cases for an extended period of time.  
 Some developers, however, have re-focused on the market for torrefied material: 

they consider smaller domestic or industrial markets more promising than large scale 
utilities. 
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 Some producers are adding torrefied biomass to white pellets to enhance the white 
pellet quality (increase the MJ/t) of product shipped. An example of this is the Solvay 
New Biomass plant in Quitman, MS. 

 
 
TESTING OF TORREFIED BIOMASS AT SOUTHERN CORPORATION’S GULF POWER COMPANY 
SCHOLTZ POWER PLANT(31) 
 

Tests were run at Southern Company’s Plant Scholz (Fig. 13) to test the potential utility of 
using up to 100% torrefied fuel as a substitute for coal. The Scholz Power Plant contained a 40 
MW Wall-fired boiler system with a maximum load of 49 MW. The torrefied wood was in the 
form of pellets produced by torrefying ‘white pellets’ near the plant site. The pellets were 
torrefied using a portable torrefaction process as shown in Figure 14. 
 

 
 

The resultant pellets were brittle and fractured when placed in outside storage. The heating 
value of the pellets after torrefaction was approximately 10,700 BTU/lb (~24,800 kJ/kg). This 
compared to the original ‘white wood pellets’ before torrefaction at 8,894 btu/lb (~20,640 kJ/kg) 
and the bituminous coal normally employed at 13,169 btu/lb (30,565 kJ/kg). The explosive 
strength for the torrefied pellets was comparable to PRB coal. 

Figure 13. Overview picture of Plant Scholz 
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Figure 14. Portable Torrefaction Kiln Used to Process the ‘White Pellet’ Materials. 

 
 

Various safety measures were employed during the test program and these included: the 
installation of a dust suppression chemical system; water sprays at various transfer points and at 
walls; observation ports in mills; the use of cold air in starting the grinding mills and the mills 
were generally started and stopped using 100% coal addition. In addition, all personnel were 
cleared during loading operations. The torrefied materials were stored outside the plant in piles 
similar to coal (Fig. 15). During storage, the torrefied materials exhibited self-ignition with some 
pile fires after 3 to 4 weeks of storage. The remedy for this problem was to reshape the pile and 
compact it based on procedures generally used for Powder River Basin Coal. During use rains 
caused the original moisture of the torrefied materials to increase from 4.5% to approximately 
25%. In addition, the piles contained significant fines. 
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Various levels of torrefied fuel was planned for the three mills employed at the plant. Single 
mill tests were planned at 0%, 20%, 50%, 75% and 100% torrefied addition levels and 70 to 75% 
and 100% using all three milling operations. The tests were targeted to measure boiler efficiency 
and emissions levels. Some notable results during the test showed that the maximum load 
decreased as the amount of torrefied materials increased and the boiler efficiency decreased 
from 86.1% to 85.1% at 100% substitution. The main reason for the drop was the very high 
moisture level of the materials after they gained moisture in the piles. The emissions results 
indicated significant drops in NOx and SO2 as the amount of torrefied material increased. The 
plant opacity levels were not changed in using the materials. During the program not all the 
planned usage levels were actually employed. This is summarized in Table 7. The results showed 
that the use of torrefied wood did allow large amounts of renewable energy to be generated in 
a coal fired power plant in a ‘relatively easy manner’ even with materials containing high fines 
levels and high moisture. The demonstration indicated up to 100% of the torrefied materials 
could be used in a pulverized coal boiler. Precautions similar to those used in handling Powder 
River Basin Coal should be employed with the torrefied fuel. In addition, even though boiler 
efficiency is reduced as the amount used increases, the emissions levels were greatly reduced in 
using the torrefied materials. 
 
 

Figure 15. Material appearances while in storage (dry on left and wet on right). 
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Table 7. Results for power generation tests using various torrefied fuel amounts. 
 

Test MW Gross %TW (wt) %TW (Energy) TW (MW) 

1 49 0 0 0 

2 41 0 0 0 

3 40 6 4 2 

4 41 17 13 5 

5 40 25 19 8 

6 36 29 22 8 

7 41 0 0 0 

8 32 0 0 0 

9 28 0 0 0 

10 38 75 69 26 

11 42 67 60 25 

12 28 67 60 17 

13 21 100 100 21 

 
 
COMPARISON OF EXPERIENCE IN USING WOOD PELLETS VERSUS ADVANCED WOOD FUELS AT 
ONTARIO POWER(33,34) 

 
The Province of Ontario in Canada has banned the use of coal in their power plants. This has 

caused Ontario Power to convert to various renewable fuel options. In the western part of the 
Province are two power plants. The Western most plant is located in Antikokan, Ontario and the 
other is located in Thunder Bay. Both plants are operated as ‘peaker’ plants and both use biomass 
as the fuel. At Antikokan, a 200MW facility, the decision was made to utilize ‘white pellets’ as the 
fuel. This necessitated significant conversion activities at the plant site to accommodate the use 
of the pellets including installation of storage facilities for the pellets (10,000 t of storage 
capability with two 5,000 t capacity silos, a new fuel handling and storage system for ensuring 
safety, various modifications to the furnace and distributed control systems, and new truck 
receiving and areas and a transfer tower for the materials. The total cost of the conversion was 
C$170,000,000. In contrast to this approach, the decision was made to use advanced wood 
energy pellets at the Thunder Bay plant (~200 MW capacity) in order to avoid the large capital 
costs associated with the Antikokan conversion. The plant was modified (largely safety features 
were added) at a cost of approximately C$5,000,000 and the plan is to use torrefied or steam 
exploded materials as the fuel for the modified facility. The plant has been operated with steam 
exploded products from Zilkha Energy Systems and Arbaflame on a demonstration basis after the 
conversion was completed. They were able to store the product outside even with the normal 
Canadian winter conditions. The conversion cost comparison was C$33/kW for Thunder Bay 
versus C$500/kW for Antikokan. 
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COMPARISON OF THE ECONOMICS OF ‘WHITE PELLET’ USE VERSUS TORREFIED PELLET USE 
DELIVERED TO THE POWER PLANT BASED ON EUROPEAN EXPERIENCE(26) 
 

A significant analysis was undertaken by the Europeans to compare the potential economic 
consequences for using torrefied fuels in comparison with the normal ‘white pellets’ that typically 
serve the power industry in Europe. This investigation was completed in 2012 and uses the 
projected costs at that time. It does serve as a useful comparison in the utility of using the 
advanced wood fuel product, but does not factor in costs such as massive storage bunkers that 
are necessary for conventional pellets or the avoidance of capital charges in power plant 
modification as illustrated for the Ontario Power situation. The costs used in the study are 
summarized in Table 8 and are given in US dollars per GJ of delivered fuel.(26) The results show 
that even though it may cost more for the torrefied pellets at the point of production, by the time 
the savings due to logistics and power plant operation are considered, the torrefied pellets 
outperform the conventional wood pellets in actual power generation from an economic 
standpoint. 
 
 
Table 8. Economic comparison in using torrefied pellets versus conventional ‘white pellets.’ 
 

Cost Components 
Wood Pellets 

($/GJ) 
Torrefied Pellets 

($/GJ) 
Savings 
($/GJ) 

Cost of Biomass 4.28 4.28 0 

Cost of Electricity 0.6 0.74 -0.14 

Cost of Labour 0.47 0.47 0 

Financial Costs 1.01 1.49 -0.48 

Other Costs 0.40 0.43 -0.03 

Cost price at  
Production Site 

6.76 7.41 -0.65 

Inland Logistics from 
Plant to Port 

1.12 0.57 0.55 

Deep Sea Shipment 2.04 1.28 0.76 

Inland Logistics from Port 
to Utility 

0.94 0.55 0.39 

Cost Price  
Delivered at Utility 

10.87 9.81 1.06 

Extra Costs at the Power 
Plant 

1.93 0 1.93 

Total Costs of Coal 
Replacement 

12.80 9.81 2.99 
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BASIC FINDINGS FROM LITERATURE EVALUATION 
 

 Biomass use in the USA Power Generation is widespread, but generally at low levels 
of biomass if the plant is not modified to accommodate the raw biomass materials. 

 Even if dried and pelletized biomass is employed, significant capital investment is 
necessary to reach high levels of substitution.  

 Co-firing with ‘white pellets’ appears to be limited to around 10% if no plant 
modifications are made. 

 Plant modifications can be very capital intensive if advanced wood fuels are not 
employed. 

 Advanced wood fuels (including steam exploded, torrefied, and hydrothermally 
carbonized) can lead to 100% substitution at low capital cost for the power plant 

 Canadian experience is a useful benchmark for the capital requirements in using 
‘white’ versus advanced wood fuels 

 European experience considers the net cost per GJ of delivered fuel to the power 
plant. Their findings indicate the net cost of the advanced wood fuels is actually lower 
than ‘white’ pellets when transportation, logistics and actual power plant costs are 
considered in the final economic assessment. 

 The quality of torrefied pellets used at the major plant test noted in this review still 
needs to be significantly improved in terms of physical properties and storage 
considerations. 

 The degree of torrefaction has a direct impact on the ability of the densification 
process to produce sound compacts without the use of binding agents. The greater 
the degree of processing employed, the more difficult it is to form stable, moisture 
resistant compacts. 

 Various binders have been used in development of sound physical properties for the 
advanced wood fuels. Some binders do not appear to impart moisture resistance and 
can cause the resultant fuel product to fail due to weathering. More work is needed 
to simultaneously meet the energy, physical properties, and storage properties for 
the advanced fuel products. 

 Steam exploded and hydrothermal carbonization appear to produce densified fuels 
with improved physical and moisture resistant properties, but cannot achieve the 
higher energy densities of torrefied materials that have undergone more rigorous 
time and temperature processing. 

 Interestingly, both steam exploded and hydrothermally processed materials may be 
useful binding agents when combined with blends of torrefied materials and the 
resultant compacts can possess good energy, physical and moisture resistant 
properties. 
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