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ABSTRACT 

Forests can readily supply feedstock for alternative bioenergy production.  Feedstock 

removal has the potential to benefit forest health and provide ecosystem services, while also 

generating profit for forest owners, contractors and forest managers. However, many forest 

land owners are faced with the challenge of managing forest residues to meet slash 

compliances and fire regulations. Currently, most residuals are burned or left on site to 

decompose.  In a time where alternative bioenergy sources are growing in demand, new 

approaches to utilize these residues for bioenergy production are being examined.  One 

approach is a portable, small-scale wood pellet mill that can be taken directly to the logging 

site. This study aims to compare the pellet quality produced when using a portable system to 

a controlled laboratory system, using green and beetle killed lodgepole pine residues.  Pellets 

were analyzed for moisture content, calorific value, ash content, carbon and nitrogen content, 

mechanical durability, density, and percentage of fines.   A completely randomized 2x2 

factorial design was implemented to compare treatments: feedstock, mill type and the 

interaction of feedstock across mill type. The effects of treatments on pellet quality were 

analyzed by the MIXED procedure of SAS 9.4 (SAS Institute, Inc., Cary, NC).  Feedstocks 

were similar only in moisture content, density, and chemical composition, while mill type 

was found to significantly affect overall pellet quality with portable mill producing lesser 

quality pellets.  It was observed that pellet durability index was affected across a feedstock 

by mill interaction.  Thus, it is possible to manufacture pellets out of residue feedstock 

utilizing both mill types, however as long as burning residues is socially and environmentally 

acceptable, portable pelletization of forest residues will remain an underutilized technology. 
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CHAPTER 1:  LITERATURE REVIEW 

1.1 INTRODUCTION 

1.1.1 The impacts of logging in Idaho  

 Since the earliest civilizations, logging and lumber production has been important facets 

of developing societies.  From early uses in home building, heating and cooking, to modern 

lumber and paper manufacturing, logging and wood products play an important role in the 

day-to-day lifestyle of nearly every American.  The industry has experienced significant 

advancements in the utilization, technologies and practices over centuries, reaffirming 

logging as a key component of the economic landscape in Idaho and the Pacific Northwest 

(PNW).  Idahoans rely on jobs in the woods, on the roads, and in the mills.  Cook et al. 

(2016) found in 2015 an estimated 11,980 jobs in Idaho resulted from the forest product 

industry.  Furthermore, inter-industry associations resulted in approximately 22,000 jobs in 

Idaho from converting timber to manufactured consumer products.  As a result, $678 million 

in income was reported, equal to 1.7% of all worker earnings for the state (Cook et al., 2016).  

Few other states rely more heavily on forest industry jobs than Idaho (O’Laughlin, 2013). 

 

Much like the industry, the resulting timber dollars are a vital part of Idaho’s economic 

maintenance.  Forests in Idaho cover 40.5% of the state, with a majority of that percentage 

considered usable timberlands (Cook et al, 2016).  In 2015, Idaho timber harvest was 

estimated at 1.05 billion board feet (Scribner scale), a slight decrease from 2014 (Figure 1.1; 

Cook et al., 2016).  As a result of harvesting, the Idaho State Endowment Board received 

$51.9 million for funding public entities, including public schools and universities, state 

hospitals, and state penitentiaries (Idaho Dept. of Lands Endowment Fund Investment Board, 

2016). These timber dollars significantly impact the state of Idaho.  Without these funds, 

many school districts in Idaho would struggle to fund programs.  Thus, timber dollars play a 

valuable role in communities across the state. 
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Figure 1.1.  Idaho timber harvest by ownership category (Cook et al., 2016) 

1.1.2 Forest health and management   

Logging is a key aspect to forest health and management.  Without timely and sustainable 

harvest schedules, forests grow too dense, which leads to overcrowding and resource 

competition among trees, resulting in decreased tree health (Stidham and Simon-Brown, 

2011).  Increased density among trees can increase the occurrence of insect and/or disease 

outbreaks or the potential for ignition of catastrophic wildfires; therefore, drastically 

impacting the overall health of the forest (Brooks, 2015).   Despite efforts to manage these 

situations, a substantial amount of forest residues and dead standing timber exist in Western 

forest landscapes.  If left unmanaged, this timber will only continue to present severe 

environmental problems. 

 

1.1.3 Mountain Pine Beetle (Dendroctonus ponderosae) 

Recently, severe infestations of pine beetles have devastated coniferous forests in the 

Rocky Mountains and the surrounding western states (USFS, 2010).  The mountain pine 

beetle (Dendroctonus ponderosae Hopkins; Figure 1.2) is one of the most destructive and 

aggressive bark beetle species in the western United States (U.S.), and is especially common 

in the PNW (Hagle, 2003).  As the beetles attack the trees, they inoculate it with a blue-

staining fungi (commonly of the Ceratocystis and Europhuim species), which ultimately 
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results in tree mortality (Woo et al., 2004).  This epidemic has been impacting millions of 

acres of U.S. forests for decades.  However, it has recently gained public attention due to the 

rise uncharacteristic wildfires that devastated many western states during the Summer of 

2015.  An estimated 300 fires burned nearly 740,000 acres of forests and rangelands in Idaho, 

costing agencies and taxpayers approximately $60 million in extinguishing efforts (Brooks, 

2015).  With nearly 80% of the burned acreage overseen by the U.S. Forest Service (USFS) 

and Bureau of Land Management (BLM), many groups (i.e. landowners, conservationists, 

etc.) are demanding increased management of federal lands to help prevent future disasters 

(Healthy Forests, Healthy Communities, 2016).   Viable solutions include increasing access 

to these lands for live and salvage logging opportunities, as well potentially utilizing new and 

developing technologies for forest slash, or residual, and dead standing timber. 

 

        

Figure 1.2.  (Left) An adult mountain pine beetle chewing through the phloem of a host tree 

(USFS, 2014); (Right) The resulting damage from a mountain pine beetle infestation (BANR, 

2016). 

1.1.4 Alternative Energy  

With increasing national attention, it will likely be easier to gain public acceptance of 

using woody biomass (such as forest residues) as a potential source for energy production.  

Aguilar and Garrett (2009) found people understood that woody biomass utilization could 

offer an opportunity to produce energy locally, decreasing our dependence on foreign oil, 

while increasing work opportunities for local communities.  Although in recent months the 

U.S. has seen the lowest fossil fuel prices in nearly a decade (U.S. Energy Information 

Administration, 2016), alternative energy still appeals to much of the general populace and 

has left the renewable energy market unscathed. Some speculate that growing global 
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concerns over climate change and a national search for energy security continue to fuel the 

push for alternatives.  Other possibilities include the decreasing costs of renewable energy 

technologies and their growing feasibility and attainability for the near future.  Thus, by 

continuing to explore the option of utilizing forest residues, new and advancing sources for 

renewable bioenergy will likely become reality. 

 

1.1.5 Forest residues as renewable bioenergy 

New approaches to reducing our dependence on fossil fuels and shifting to renewable 

bioenergy are being examined.  One noteworthy approach is utilizing forest residuals for 

bioenergy production.  Forest residuals (slash) are trees and other woody plants, including 

limbs, tops, needles, leaves, etc., grown in the forest, woodland, or rangeland environments 

that are byproducts of forest management activities (Laninga et al., 2015).  In light of a 

search for energy independence, the utilization of forest residuals as a source of bioenergy is 

worthy of exploration.  Forests can readily supply sustainable feedstock for alternative 

bioenergy production while simultaneously providing economic returns to landowners, 

contractors and forest managers in addition to benefitting forest health and ecosystem 

services (Laninga et al., 2015). 

 

Not only are researchers investigating bioenergy from forest residues, but federal 

agencies are beginning to accept its potential. The Energy Independence and Security Act of 

2007 was designed and implemented by the federal government to meet the Environmental 

Protection Agency (EPA) renewable fuel standards, and to promote energy independence and 

security (“H.R. 6(110th): Energy Independence and Security Act of 2007,” 2007; US 

Department of Agriculture, 2010).  The EPA is “slowly beginning to treat the sector not just 

as an emitter of particulates, but also as a way to reduce [dependence on] fossil fuels,” stated 

John Ackerly, the President of Alliance for Green Heat (2016).  Though the EPA will likely 

continue to regulate emission standard and monitor particulate emissions for the industry 

(e.g. newly updated Clean Power Act proposal), they, among others, are starting to view the 

bioenergy sector as a key approach to reducing our dependence on fossil fuels. 
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1.1.6 Bioenergy Alliance Network of the Rockies (BANR) 

In 2014, the United States Department of Agriculture (USDA) awarded a ten million 

dollar National Institute of Food and Agriculture (NIFA) Coordinated Agriculture Project 

(CAP) grant to Colorado State University that established the Bioenergy Alliance Network of 

the Rockies (BANR).  A collaboration of various private industries and educational 

institutions across Colorado, Montana, Wyoming and Idaho aim to explore the use of beetle 

killed pine and other forest biomass as a source of bioenergy feedstock in attempts to 

establish sustainable renewable energy industries across each respective state.  The BANR 

cohort is working to convert woody biomass (i.e. forest management residues, mill residues, 

harvesting of beetle killed pine, etc.) into advanced renewable biofuel feedstocks, focusing 

on on-site production in attempts to bypass the logistical concerns (i.e. transportation costs, 

etc.) (Paustian et al., 2013). 

 

1.1.7 Forest residues management 

Utilization of forest residuals for bioenergy production can provide a new management 

tool to reduce residual accumulation and subsequent fire hazards.  Currently, many small 

forest owners are challenged with managing forest residuals to meet slash compliance and 

fire regulations.  The State of Idaho mandates that residuals be disposed of post harvest to 

protect reproduction and residual stands (trees remaining post harvest), to reduce the risk of 

fire and the spread of insects and diseases, and to optimize the conditions for future 

regeneration of forest tree species (Idaho Department of Lands FPA Handbook, 2015).  

Traditionally, most residuals are burned or left on-site to decompose.  Although this is 

common practice across the PNW, leaving slash on-site and/or burning it poses risks.  

Certain species of bark beetles can use green slash piles as breeding grounds, which can 

potentially increase the risk of a future outbreak of bark beetles in the stand (Schnepf, 2008).  

Burning emits certain amounts of carbon dioxide and particulate matter into the atmosphere, 

raising concerns for increased EPA monitoring and regulations in the forestry and logging 

sectors.  In a study by Saul et al. (2015), stakeholders surveyed from multiple communities in 

the Inland Northwest revealed that air quality was of primary concern.  Utilizing slash for 

renewable energy will likely never eliminate some of these common practices but it can 
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provide the industry an opportunity to be proactive in finding alternative uses for logging 

waste.  

 

1.1.8 Forest residues in the Pacific Northwest  

Many changes are occurring in the size variations of harvested timber.  Advancing 

technologies in logging equipment and milling systems allow smaller diameter and longer 

log lengths to be efficiently utilized.  This dramatically changes the scope of logging residues 

left on-site.  According to a recent study by Simmons et al. (2014), the average diameter of 

mill delivered wood has been steadily decreasing over time.  Mills are currently receiving 

increasing amounts of smaller diameter wood to meet the same required volume demands.  

Increased harvesting of smaller diameter trees results in increased amounts of residues per 

unit volume of merchantable wood.  Whenever significant volumes of timber are removed, 

be it for fuel reduction or otherwise, large volumes of biomass will be generated (USDA 

Forest Service, 2005).  If this trend continues, then the amount of forest residue produced per 

logging job will continue to increase (Simmons et al., 2014).  Due to high transportation 

costs associated with transporting green residues out of the woods, it is impracticable to haul 

the residues to off-site commercial processing facilities.  Thus, land managers and the federal 

government must continue to manage residue accumulation while trying to balance the 

utilization of these products.  

 

Utilizing logging residues as a fuel source requires estimating the current and future 

availability of slash locally, as well as a regionally (Casey, 2015). The amount of residual 

biomass remaining after logging is a function of many factors, including harvest volumes, 

harvest schedules and methods, silvicultural treatments, and type and location of timberlands 

(Kersetter and Lyons, 2001).  Logging residue is currently a readily available and unused 

resource in Idaho. Rather than wasting the potential energy contained in this residual biomass 

through the common practice of burning, it can be converted to a usable fuel and/or energy 

source.  This can offset negative environmental impacts while also potentially bolstering 

local economies and reducing the import of other energy resources (Idaho Governor’s Office 

of Energy Resources, 2014).  
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In light of the benefits of using slash as a fuel source, foresters, economists, and biofuel 

scientists have the ability to quantify the amount of residues that are currently available on 

logging sites and how they can be most efficiently utilized.  Morgan et al. (2012) estimates 

that 1.6 green tons of logging residues are produced in Idaho per thousand board feet (MBF, 

Scribner scale) of mill delivered wood. Using the estimate of >1.0 billion board feet 

harvested in Idaho in 2015, then roughly 1.05 million green tons of slash were produced, 

most of which will be burned on-site or left to decompose. According to the North American 

Wood Fiber Review (2014), processed chips from logging residues are priced at $50 per 

bone dry ton (bdt) ±$30 depending on cleanliness, species, and other factors such as buyer-

seller relationships.  In the Inland Northwest region, prices are closer to $30 bdt, given 

location and distance from manufacturing plants. Taking into account the current price of $30 

bdt, and 525,000 bdt of logging residue produced per year (i.e., total slash quantity of 1.05 

million green tons at 50 percent moisture content) this yields a conservative estimate of 

$15,750,000 worth of potential energy revenue that was burned in 2015.  Capturing as little 

as a quarter of this value would have significant impacts for the industry and local 

economies, and suggests a real need for investigating further the use of logging residues for 

bioenergy production. 

 

1.1.9 Extension benefits to forest owners 

In efforts to better assist landowners with forest health management, utilization, and 

residue disposal, Extension personnel across the U.S. are actively trying to provide 

information regarding new and innovative technology that can be applied to family forest 

owners.  The University of Idaho Extension Forestry program has procured a portable pellet 

mill in attempt to provide Idaho family forest owners with an alternative [to burning] residue 

management option and an optimal source of bioenergy.  Of 20 communities in the Inland 

Northwest that were modeled in a study, Saul et al. (2015) found pellet production to be the 

most profitable and viable option in 19 of the 20 communities as compared to aviation fuel 

production and mobile biofuel conversion.  Thus, if this mobile mill appears to be applicable, 

this would equip forest land owners with a new tool to reduce the residual waste on their 

land.  Also, if successful, this technology could potentially help owners generate wood 

pellets for use in home heating or other energy applications.  
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1.2 WOOD PELLET PRODUCTION 

1.2.1 Wood pellet production and global demand 

On-site manufacturing of wood pellets from logging residues is an appealing concept, as 

it would allow producers to transport a densified product off-site, which would help reduce 

transportation costs (when compared to hauling the green residue).  Wood pellets are 

densified biomass that has been formed into cylindrical pellets (Carone et al., 2011).  In the 

U.S. wood pellets are primarily used in residential pellet stoves for home heating purposes.  

Wood pellets can also be used for commercial heating and power generation applications 

(such as thermal energy; U.S. Energy Information Administration, 2013).  In efforts to 

replace coal for energy generation and space heating, European countries have begun using 

wood pellets in place of coal as a source of clean energy.  The strong demand for wood 

pellets in Europe has been driving the growth of domestic wood pellet production in recent 

years (U.S. Energy Information Administration, 2013).  From 2012 to 2013, wood pellet 

exports from the United States nearly doubled, from 1.6 million tons to 3.2 million tons with 

98% of the exports being delivered to Europe (U.S. Energy Information Administration, 

2013).  Moreover, many speculate that this growth demand will only continue to increase in 

the coming years.  

 

With wood pellets growing demand domestically and abroad, several methods of 

manufacturing are currently being evaluated in attempts to overcome residues undesirable 

qualities and yield a viable product.  Residues have relatively low output (in comparison to 

fossil fuels) and high transportation costs.  Fasina and Sokhansanj (1996) found that the best 

way to overcome these obstacles is to densify the product into a form that can be handled and 

stored much like grain.  One approach was to densify the woody biomass via pelletizing.  Not 

only does this aid in handling and storage, but it also decreases transportation costs by 

increasing the amount of product that could be hauled each load.  The most common forms 

of densified woody biomass products are pellets, briquettes, and cubes (Wilson, 2010).  

  

Pelletization of woody biomass (clean, plant derived organic matter (Laninga et al., 

2014)) is understood quite well (Van Loo and Koppejan, 2008); however forest residuals 

consisting of stemwood with bark and needles and may prove to be a more challenging raw 
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material to work with for desirable quality wood pellet production  (Paukkunen, 2015).  It is 

acknowledged that tree length tops and branches with bark and needles are less desirable for 

feedstock among wood pellet manufacturers due to higher ash content in the bark versus 

debarked wood (wood devoid of bark, needles, etc.) (Van Loo and Koppejan, 2008).  Other 

factors, like dirt contamination during slash piling, may have a very negative important 

impact on feedstock quality when logging residues are used as raw material source 

(Paukkunen, 2015).  The Pellet Fuels Institute (PFI) has a Standards Program, which offers 

third-party accreditation and provides specifications for residential and commercial grade 

fuel (Table 1.1; Pellet Fuels Institute, 2015).  This program defines three densified fuel 

grades:  PFI Premium, PFI Standard, and PFI Utility.  Premium pellets are the highest quality 

graded pellets and are available commercially for home heating, while utility are the lowest 

graded pellets and used in industrial settings such as boiler-heating systems.  It may be 

difficult to reach these standards with forest residues as bark and needles have increased 

inorganic contaminant levels and bark also increases ash content yields (Paukkunen, 2015). 
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Table 1.1.  Pellet Fuels Institute standards for residential/commercial densified fuel. 

Residential/Commercial Densified Fuel Standards 

Fuel Property  PFI Premium  PFI Standard  PFI Utility  

Normative Information - Mandatory  

Bulk Density, lb./cubic foot  40.0 - 48.0 38.0 - 48.0 38.0 - 48.0 

Diameter, inches  0.230 - 0.285 0.230 - 0.285 0.230 - 0.285 

Diameter, mm  5.84 - 7.25 5.84 - 7.25 5.84 - 7.25 

Pellet Durability Index  ≥ 96.5 ≥ 95.0 ≥ 95.0 

Fines, % (at the mill gate)  ≤ 0.50 ≤ 1.0 ≤ 1.0 

Inorganic Ash, %  ≤ 1.0 ≤ 2.0 ≤ 6.0 

Length, % greater than 1.50 inches  ≤ 1.0 ≤ 1.0 ≤ 1.0 

Moisture, %  ≤ 8.0 ≤ 10.0 ≤ 10.0 

Chloride, ppm  ≤ 300 ≤ 300 ≤ 300 

Heating Value  N/A N/A N/A 

Informative Only - Not Mandatory 

Ash Fusion  N/A N/A N/A 

 

1.2.2 Wood pellet manufacturing  

A variety of factors in the manufacturing process of densified wood pellets can affect the 

quality of the pellets, with the biggest factor being type and quality of the pellet mill.  

Typically two major pellet mill varieties are utilized for manufacturing:  ring die mills or flat 

dies mills (Figure 1.4).  Although both mill types are used for wood pellet production, the 

ring die pellet mill is generally the preferred industry choice.   In comparison to flat die mills, 

ring die pellet mills have greater production capacity and longer equipment lifespans, making 

them well-suited for large-scale production facilities (Huang, 2014; Zhao et al., 2007; Zhang 

et al., 2014).  However, this mill type initially cost upwards of $500,000, not including pre- 

and post-processing equipment that is needed in a large-scale operation (Dingman, 2009).  

Flat die pellet mills still have an application, though on a smaller scale (Gao et al., 1999, US 

Patent 5,871,802).  They are often the cheaper mill choice and have more appeal to small 

pellet producers (Dingman, 2009). 
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Figure 1.3.  Photograph of a flat die (left) and ring die pellet mill (right). 

Flat die pellet mills are generally characterized into two categories:  rotating die type and 

rotating roller type (Figure 1.5).  The rotating die type has a stationary roller with a die that 

rotates, while the rotating roller types have a stationary die with rotating rollers (Huang, 

2014).  Both flat die mill categories create a continuous flow, where rollers apply constant 

pressure to the feedstock, continuously pushing it down into the die holes.  This creates 

pellets which are immediately and continuously extruded out of the die (Larsson et al.; 2007, 

Wood, 2010).  In contrast, the ring die pellet mill employs a more simplistic design.  

Feedstock mass is distributed across the inner surface of a rotating perforated die ahead of 

each roller, which compresses the feedstock mass and compacts it into the dies holes to form 

pellets (Huang, 2014).   

          

Figure 1.4.  Illustrational differences between rotating die type (left) and rotating roller type 

(right) pellet mills (Amisy, 2016). 

The overall design of the pellet mill die also impacts the performance of the mill, 

utilization of the feedstock, and the quality of the pellets.  Often, both flat and ring die mills 
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feature dies with channels that are cylindrical and have beveled openings that are wider than 

the center portion of the channel and consist of a two series step relief design that allows for 

the extrusion of the pellet (Figure 1.6 (right); Figure 2.4; Chen et al., 2015; Stark 2009).  In a 

flat die mill, the vertical setup of the dies and rollers allows for the feedstock to gravity feed 

down into the die channel where it is then compressed by the rollers and extrudes pellets 

(Figure 1.5; Huang, 2014).  Whereas with ring die mills rotational rollers press the feedstock 

into and through the die channels (Figure 1.6; Chen et al., 2015).  In both arrangements, 

friction between the die and the feedstock creates pressure.  This pressure is key to 

densification as it is what helps push the feedstock through the channels (Chen et al., 2015).  

As it is building pressure, the friction is also generating heat, which allows the components in 

the feedstock (waxes, lignin, etc.) to melt and permits for better flow of the material (Nielsen 

et al., 2009).     

 

Figure 1.5.  Designs and operating principles of a flat die pellet mill (Huang, 2014). 
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Figure 1.6.  Design (left) and operating principles (right) of a ring die pellet mill (Chen et al., 

2015).  

 

Both mill types produce pellets that are cylindrical in shape and range in sizes from 4.8-

19 mm in diameter and 12.7-25.4 mm in length (Kaliyan and Morey, 2006).  A variety of 

feedstock materials have been used to make fuel pellets, including woody biomass, grasses, 

grains, etc.  During the pelletizing process, attractive forces between feedstock particles and 

interlocking mechanisms created during feedstock compression are key to the bonding of 

particles (Wilson, 2010).  Regardless of feedstock type, these factors are important for 

quality pellet production.  Pelleting technology is commonly used throughout the U.S. and 

Europe for its application in processing animal feeds to improve palatability and increase 

consumption (Wilson, 2010).  However, with renewable bioenergy gaining momentum, 

wood pellets are becoming a dominant player in the marketplace for home heating 

applications.  Though many people and manufacturers are accomplished at the art and 

science of pellet manufacturing, the pelletizing process has an inherent amount of variability 

which can lead to lowered production rates and higher variability in the pellet quality 

(Larsson et al., 2007).    

 

1.2.3 Pellet properties and quality 

Many factors can affect the strength and durability of pellets.  Strength is an indication of 

the compression, bendability, and impact resistance of the pellets, whereas durability refers 
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to the abrasive resistance of the pellet (Wilson, 2010; WoodWorks, 2011).  Other rheological 

properties that can affect the overall pellet quality include compressibility (compacting stress 

to density relationship), compatibility (ability of a material to form strong bonds), and 

resistance to flow (influence pellet performance), which can vary significantly between 

feedstock types (Salas-Bringas, et al. 2010; Schulze, 2007).  The PFI standards parameters 

that affect the strength and durability of graded fuel pellets include:  pellet density (g/cm3), 

diameter (mm), pellet durability index (%), fines (%), length (% greater than 38 mm), and 

moisture (%) (PFI, 2015).  Other significant factors to consider include mill type and milling 

processes, preheating/steam conditioning, feedstock composition, and addition of 

lubricants/binders (Wilson, 2010).   

 

1.2.4 Density 

Density is an important parameter since it gives insight into how well pellets will hold 

together during transport and storage (Böhm and Hartmann, 2005).  In the PNW, it is not 

uncommon for woody biomass feedstock to travel large distances from the collection site to a 

conversion facility (Laninga et al., 2014).  Because of this additional stress of transportation, 

it is important to know how well pellets will transport and store.  Pellet density is determined 

by die hole size (width and length) and compression of the feedstock.  Standard pellet mill 

die hole openings range in size from 4.8-19 mm (Wilson, 2010).  Common die sizes for 

smaller mills range from 6-6.5 mm.  Assuming the feedstock is appropriately prepared, 

pellets should range between those sizes.  If the pellets come out looking flaky and break 

easily, the mill is likely not producing enough torque and/or improperly preheating, leading 

to less dense pellets (Dingman, 2009). 

 

1.2.5 Pellet durability index 

The pellet durability index (PDI) is a standardized parameter for specifying the ability of 

the fuel pellets to resist degradation caused by shipping and handling (PFI, 2015).  The PDI 

tests the ability of pellets to be handled without generating excessive fines and is also a good 

indicator of overall pellet quality (Fahrenholz, 2012).  As with density, if PDI is too low the 

pellets will not sufficiently hold together during transport and will be more susceptible to 

crushing and breakage.  Durability is commonly measured in accordance to standard that are 
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set forth by the PFI Annex A.1:  Standard Operating Procedure for:  Durability Testing—

Residential/Commercial Pellet Fuels (Pellet Fuels Institute, 2015). 

 

1.2.6 Feedstock particle size 

Feedstock particle material size, moisture content and pellet length are considered the 

most critical factors affecting overall pellet quality (Fahrenholz, 2012; Kaliyan and Morey, 

2005; Wilson, 2010).  Particle size can affect all aspects of pellet quality, from overall 

durability and pellet structure strength, to the percent of fines produced during production 

and/or transportation.  A predominant theory from researchers (Fahrenholz, 2012; Robinson 

et al.,1962; Wilson, 2010) suggests that small particle sizes leads to better compaction and 

compression.  This produces less fracture points in the pellets and thus increases durability.  

Similarly, by producing more durable pellets with less fracture points decreases the 

percentage of fines (Fahrenholz, 2012). 

 

1.2.7 Feedstock moisture content 

Moisture in pellet feedstock is necessary for the pelleting process as it helps with the 

development of intermolecular forces and also acts as both a binder and a lubricant (Kaliyan 

and Morey, 2005; Wilson, 2010).  Folk et al. (1988) suggested that hammermilled feedstock 

be transferred to a rotary drum where moisture content could be uniformly reduced to a range 

of 16 to 28% (oven dry basis).  In contrast, Kaliyan and Morey (2005) found the optimal 

moisture content to be between 10 to 15% (wet basis).  Li Liu (2000) and Obernberger and 

Thek (2004) suggested an optimal moisture range for woody biomass between 6 to 12% (wet 

basis) and 8% to 12% (wet basis) respectively.  Wilson (2010) tested a range of moisture 

content from 10 to 14% (wet basis), ultimately utilizing 10% for most of his work.  As is 

evident from previous work, the reported moisture contents for optimal pellet quality span a 

broad range.  This variability in feedstock moisture contents can be attributed to the 

differences among the studies, such as feedstock species differences, feedstock particle size, 

and/or differences in mill and die types.  Although moisture content is a critical component in 

pellet manufacturing, there is not one clearly defined ideal moisture content as no two pellet 

manufacturing systems are exactly the same.  Thus, ranges of appropriate moisture contents 

for different materials and systems are reported in the literature. 



 16 

1.3 STUDY RATIONALE 

Many have tried to master the “art and science” of pellet production from endless options 

of feedstock varieties.  From woody biomass and prairie grasses harvested to reduce fuel 

loading, to alfalfa and cereal grains for livestock feed improvements, much research has been 

conducted around the pellet production idea. With every experimental procedure more 

knowledge is gained regarding the process and the mechanisms involved in manufacturing 

the “perfect” pellet.  Despite best efforts, there are questions that remain unanswered.  The 

objectives of this study was to produce wood pellets from 1) green lodgepole pine (Pinus 

contorta var. latifolia) and 2) beetle killed lodgepole pine that the Rocky Mountains and 

surrounding landowners are burdened with managing.  Wilson (2010) found that lodgepole 

made the least durable pellets, however this study is optimistic that by utilizing a portable 

pellet mill the value and carbon energy available in this species can be captured.  

Additionally, the opportunity to create a value added source of bioenergy for landowners 

across the region by producing their own wood pellet fuel for home heating is noteworthy.  

 

1.4 STUDY OBJECTIVES 

The objectives of this study were to:  (1) examine the feasibility of utilizing residual 

lodgepole pine generated from logging and salvage operations to assess the practicability of 

using these residuals as a source of raw feedstock material (2) incorporate the use of a new 

technology into the utilization of this residue by comparing the usage of an on-site portable 

flat die mill and indoor ring die mill for potential usage for family forest owners, and (3) 

evaluate the technology’s effectiveness and usefulness in utilization by evaluating differences 

in the pellet quality between pellets manufactured from green and beetle killed lodgepole 

feedstock on the two mill types. 

   

1.5 STUDY HYPOTHESES 

The hypotheses of this study are:  (1) both residual green and beetle killed lodgepole pine 

from logging operations will be a viable feedstock source for pelletization and will efficiently 

utilize a waste product which will effectively reduce the fuel load left on site post-harvest, (2) 

both ring and flat die mill types will be successful at manufacturing pellets from both green 

and beetle killed lodgepole residues, and (3) there will be no significant difference among 



 17 

pellet quality between the two mill types, but a significance difference between green and 

beetle killed lodgepole feedstock will be observed.   
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CHAPTER 2:  ALTERNATIVE BIOENERGY:  SMALL SCALE PELLET PRODUCTION 

FROM FOREST RESIDUES 

 

2.1 ABSTRACT 

Forests can readily supply feedstock for alternative bioenergy production.  Feedstock 

removal has the potential to benefit forest health and provide ecosystem services, while also 

generating profit for forest owners, contractors and forest managers. However, many forest 

land owners are faced with the challenge of managing forest residues to meet slash 

compliances and fire regulations. Currently, most residuals are burned or left on site to 

decompose.  In a time where alternative bioenergy sources are growing in demand, new 

approaches to utilize these residues for bioenergy production are being examined.  One 

approach is a portable, small-scale wood pellet mill that can be taken directly to the logging 

site. This study aims to compare the pellet quality produced when using a portable system to 

a controlled laboratory system, using green and beetle killed lodgepole pine residues.  Pellets 

were analyzed for moisture content, calorific value, ash content, carbon and nitrogen content, 

mechanical durability, density, and percentage of fines.   A completely randomized 2x2 

factorial design was implemented to compare treatments: feedstock, mill type and the 

interaction of feedstock across mill type. The effect of treatments on pellet quality was 

analyzed using multivariate analysis of variance in the MIXED procedure of SAS 9.4 (SAS 

Institute, Inc., Cary, NC).  Feedstocks were similar only in moisture content, density, and 

chemical composition, while mill type was found to significantly affect overall pellet quality 

with portable mill producing lesser quality pellets.  It was observed that pellet durability 

index was affected across a feedstock by mill interaction.  Thus, it is possible to manufacture 

pellets out of residue feedstock utilizing both mill types, however as long as burning residues 

is socially and environmentally acceptable, portable pelletization of forest residues will 

remain an underutilized technology. 
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2.2 INTRODUCTION 

Management of logging residues is an issue every forest manager encounters, not 

excluding small, private and family forest owners.  A family forest can be defined as “lands 

that are at least 1 acre in size, 10 percent stocked, and are owned by individuals, married 

couples, family estates and trusts, or other individuals who are not incorporated or otherwise 

associated as a legal entity,” (Butler and Leatherberry, 2004).  Of the nearly 2.8 million acres 

of private timber in Idaho, private lands harvesting accounted for approximately 62 percent 

of Idaho’s timber harvest volume in 2016 (Figure 1.1; Cook et al., 2016).  Understandably, 

family forests provide important environmental, social, and economic benefits, however the 

management and conservation challenges, such as residue management, are uniquely 

complex and multifaceted for them.  Many state and federal agencies have consulting 

foresters available for private forest owners’ use, but no one agency can provide all the 

necessary resources to meet residue management issues.  Decisions are made solely by the 

owner as they are confronted with obligations of implementing residue control in accordance 

to state mandates.  Adversely, foresters are left to extend sustainability and suitable disposal 

practices to safeguard the landscape and forests (private and commercial) from dilapidation.  

This presents unique challenges and opportunities for both forest owners and agencies. 

 

Each family forest owner is as diverse as the next, resulting in management objectives 

that are different and obscure for many owners.  Forest residue management can be equally 

as obscure across allotments, but the residues still require attention and clearance to ensure 

forest health.  Idaho State mandates that post-harvest residues be disposed of to mitigate the 

risk of ground fuels for wildfires and to reduce the threat of insect and disease outbreaks 

(IDL, 2015).  Typically this is done by piling the residue at a central landing and burning 

them, or performing broadcast burns.  Regardless of the technique, forest owners are 

observing usable product being discarded or wasted that could be potentially useful in a 

home energy setting.   

 

 In efforts to protect the health of citizens and prevent environmental and property 

damage, the Environmental Protection Agency (EPA) implemented the Clean Air Act in 

1970 to aid in managing the amount of pollutants that enter the air from many activities 
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including agricultural waste burning (EPA, 2015).  By law (Section 110 of Clean Air Act), 

each state is required to have a State Implementation Plan in place, identifying the sources of 

air pollution and potential pollutant reduction strategies to meet federal air quality regulations 

(EPA, 2016).  Idaho Department of Environmental Quality (IDEQ) has air quality and 

burning guidelines in place, and though agriculture waste burning is permitted, fees, 

monitoring and limitations apply (IDEQ, 2016).  Currently, forest residue (slash) burning is 

not under the jurisdiction of IDEQ (2016), but is instead controlled by the Idaho Department 

of Lands (IDL).  Compliance documents must be filed prior to harvest, and a verification of 

successful residue disposal is required by the presiding forester post harvest, otherwise fee 

withholding may result for the harvester or forest owner (IDL, 2015).  Although monitoring 

and management practices are in place, mounting EPA pressures over health and 

environmental concerns are ever looming and slash burning may one day fall under IDEQ 

management.  Thus, it would be encouraged to have options available that offer alternatives 

to burning for all forest owners and forest harvesters. 

 

 As a method to allow family forest owners to be proactive and self-sustaining, and 

reduce their carbon footprint, the idea of a portable pelletization unit has become notable.  

The portable pellet mill is a small-scale production unit, suitable for family forest owners that 

would like to manufacture wood pellets for home energy uses from waste wood products, 

including forest and logging residues.  This mill has the advantage of being portable, 

allowing it to be transported to the logging site and maneuvering on-site as needed.  This is 

advantageous to family forest owners, as well as commercial foresters, as it helps to answer 

the logistical concerns surrounding the use of forest residue for bioenergy.  Specifically, by 

implementing a portable pellet unit on-site, the costs of shipping this forest waste material 

are dramatically decreased.  Instead of transporting green residue, that are upwards of 50% 

moisture, a densified and usable bioenergy product can be transported instead.  Moreover, a 

family forest owner can possibly utilize the wood pellets for home energy use and be self-

sustaining.  Not only would the forest owners be able to maintain forest health and integrity 

while generating supplemental income from the harvesting, but they would also be able to 

produce a usable bioenergy product from materials that are currently being wasted.  Thus, to 
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assist family forest owners with this objective, the use of forest residues for bioenergy 

production via wood pellets is a viable option. 

 

2.3 MATERIALS AND METHODS 

2.3.1 Feedstock Residuals 

Residuals were obtained from two locations (Figure 2.1).  Green lodgepole pine 

(Pinus contorta var.) residue was obtained from the University of Idaho Experimental Forest 

located near Princeton, Idaho (46.5026°N, 116.4430°W).  Beetle killed lodgepole pine (Pinus 

contorta var.) residue was obtained from a site near Clarkia, Idaho (47.0209° N, 116.1437° 

W).  The two locations are approximately 45 miles apart, but relatively the same elevation 

(3,000 feet). Residue (slash) materials collected included tree tops (under 25 cm diameter), 

branches, needles, and bark.  The biomass was transported to the University of Idaho 

Experimental Forest shop, where it was chipped using a gas powered 46 HP Morbark Eager 

Beaver wood chipper (Morbark, LLC, Winn, MI).  The chipped material ranged from 1-8 cm 

in length, was bagged and marked for identification purposes.  Chipped material was dried in 

a laboratory drying oven at 104°C for 24 hours until the moisture content (MC) reached 0.  

Dried material was then hammermilled utilizing a 22 HP CF420 diesel powered hammermill 

with a 6 mm screen (Laizhou Chengda Machinery Company, Shandong, China).  

Hammermilled material was stored in sealed plastic bags inside plastic bins, which were 

stored in the shop until further processing occurred.    

              

Figure 2.1.  Collecting green (left) and beetle killed (right) residues. 
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2.3.2 Particle Size Distribution 

 Particle size distribution was measured for both feedstock types utilizing the sieve 

analysis method.  Both feedstock materials were dried in a drying oven for 24 hours at 104°C 

until the feedstock reached 0% MC.  Five sieve sizes and a collection pan were weighed 

individually and the weights were recorded.  The sieves were then stacked on a sieve shaker 

in descending order of mesh size; the largest mesh sieve was on top while the smallest mesh 

sieve was on the bottom with the fines collection pan underneath.  Sieve sizes included 

(largest to small in microns):  6350, 2000, 840, 590, and 420.  A 20-gram sample was placed 

in top screen and a lid was attached.  The machine was then started and was allowed to shake 

for 10 minutes.  Once the machine was done, each sieve and corresponding sample was re-

weighed and the weights were recorded (done in triplicates for each feedstock type).  Mass of 

wood retained on each sieve (g), percentage of wood on each sieve (%), and cumulative 

percentage of wood retained on each sieve (%) was then calculated using the following 

formulas: 

Cummulative % retained =
Mass of wood retained (g)

Percentage wood on each sieve (%)
 

 

Mass of wood retained = (Mass of each sieve + retained wood) −  Mass of each sieve 

 

Percentage of wood on each sieve =
Mass of wood retained

Total mass of wood
 × 100 

 

2.3.3 Pelletizing Residuals 

Hammermilled green lodgepole pine and beetle killed lodgepole pine materials were 

run through a conventional ring die mill and a portable flat die mill.  The ring die wood 

pellets were produced on a California Pellet Mill (CL3) with a 6.4 mm diameter x 44.5 mm 

die, which is appropriate for pure wood samples (Figure 2.2; California Pellet Mills, St. 

Charles, MO).  Die openings were beveled on the input side of the die and featured a two 

series step relief design on the output side (Figure 2.4).  The openings measured 6.3 mm at 

the widest opening, narrowing down to 6.0 mm in the center, and widening back out to 6.3 

mm.  Based on previous literature, a MC range of 15-20% was used.  MC percentages were 

tested (15, 17.5, 20; data not shown) within this range, and based on overall pellet 
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characteristics and quality a MC of 17.5% was found to be optimum.  Wood moisture content 

was determined using a HB43-S Moisture Ananlyzer (Mettler Toledo, Columbus, OH).  The 

MC of the wood particles was adjusted by spraying a calculated amount of water on 3.5 kg of 

wood particles in a Kushlan Model 350 cement mixer (Kushlan Products, LLC., Sugar Land, 

TX).  Water was applied continuously, using a Central Pneumatic Professional air spray gun 

at a rate of 0.42 cubic meters per minute (Harbor Freight Tools, Calabasas, CA), while the 

mixer was ran at 28 RPM.  The material mixed for 5 minutes. Once mixed, the wood 

particles were stored in a heavy-duty plastic bag sealed from the ambient air.  The bags were 

placed in plastic 19 L buckets, sealed with a rubber-lined lid, and stored until pelleting.  After 

pelleting, pellets were arranged in rows to allow for cooling, before they were again stored in 

the same 19 L buckets.   

            

Figure 2.2.  California Pellet Mills laboratory scale ring die pellet mill. 

 The portable flat die mill wood pellets were produced on a New Michigan Power-

Take-Off (PTO) Pellet Machine (Figure 2.3; Make Your Own Pellets, LLC, Londonderry, 

NH).  The flat die measured 28.5 mm thick by 190 mm in diameter.  The die openings were 

again beveled on the input side of the die, and also included a two-step relief design on the 

output side (Figure 2.4).  The openings measured 8.5 mm at the widest opening, narrowing 

down to 6.0 mm and widening back out to 8.5 mm.  The PTO driven mill was powered using 

a Farmall 560 diesel tractor (Case IH, Racine, WI).  The rated revolutions per minute (RPM) 

speed for the tractor was 1500 RMP, which was also found to be optimal for pellet 
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production.  The manual that accompanied this mill suggested wood particles range between 

10-15% MC, with an optimal range for most feedstock being between 10 and 12% MC 

(Dingman, 2009).  Similar to the ring die pellets, a range of MC percentages were examined 

(0, 8, 12), and optimal MC was 8% for the green lodgepole pine feedstock, while 12% was 

optimal for the beetle killed lodgepole, based on overall pellet quality and characteristics.  To 

convey similar practices used in MC determination, MC adjustments and storage was the 

same as pellets produced on the ring die mill.  Weather data (ambient temperature, relative 

humidity, precipitation, and pressure) was collected on days when pelleting occurred using 

the National Oceanic Atmospheric Administration Radar Pro application (U.S. Department 

of Commerce, Washington, D.C.) for Apple iPhone 6 iOS 9.1 (Apple, Inc., Cupertino, CA).  

                      

Figure 2.3.  Make Your Own Pellets, LLC., portable PTO driven, flat die pellet mill (Make   

Your Own Pellets, LLC, 2014). 
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2.3.4 Methods for Pellet Analysis 

 

Pellets (Figure 2.6) were analyzed for moisture content, calorific value (ASTM E711-

87), ash content (ASTM D 1102), carbon and nitrogen (CN) content, mechanical durability 

(PFI 8.1.3), density, and percentage fines (PFI 8.1.4).  All samples were analyzed in a 

random order in each analysis to minimize processing variance.   

 

Pellet MC was performed in triplicate and determined using a HB43-S Moisture 

Analyzer (Mettler Toledo, Columbus, OH).  Depending on pellet size, 2.0 to 5.0 g of pellets 

were weighed and placed in the aluminum tray.  Moisture content data was recorded. 

 

The calorific value was determined in duplicates for each functional pellet replicate 

using a Parr 6200 Calorimeter, Colby College Version standard bomb calorimeter (Parr 

Instrument Company, Moline, IL; Figure 2.4).  Wood pellets were dried for 24 hours at 104 

Counterbore 

D 

Diameter 

L
e

n
g

th
 

L 

One Step Relief  

Two Step Relief  

Figure 3.4. Die channel configuration in both the flat and ring die 

mills (Stark, 2009). 
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°C prior to testing. Wood pellet samples varied in weight between 0.38 to 0.65 g.  A 10 cm 

piece of nickel chromium fuse wire was attached to the bomb calorimeter and looped down, 

just inside of the vessel near the pellet, without touching either.  The bomb vessel was 

pressurized with oxygen to 28 atm.  The calorimeter jacket was filled with 2 L of 20°C 

deionized water.  The bomb canister was submersed in the jacket and firing wires were 

connected.  The unit was closed and the unit stirrer was activated.  The test began after 

sample identification and weight was entered on the unit computer.  The inside of the bomb 

canister was cleaned with a damp paper towel after each sample to remove test residues.   

 

To determine pellet ash content (triplicates), 2.0 g of pellets were weighed and placed 

in a pre-weighed crucible.  Pellet + crucible weight was recorded (initial weight) and 

crucibles were placed in a Lindberg Blue M 794 muffle furnace (Thermal Product Solutions, 

Riverside, MI) at 600°C for 4 hours.  After samples were cool enough to handle, pellet + 

crucible weight (final weight) were again recorded and ash yield was calculated using the 

following formula: 

 

 % Ash = 
𝑓𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡−𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡−𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡
 ×  100 

 

Carbon and Nitrogen (CN) content was analyzed for each pellet treatment 

(triplicates).  Pellets were ground through three screen sizes (2 mm, 1 mm, 0.5 mm) using a 

Thomas-Wiley Model 4 laboratory mill (Thomas Scientific, Swedesboro, NJ), until they 

resembled a fine powder.  Samples were then placed in a drying oven for 24 hours at 104°C.  

Figure 2.5. Parr 6200 Calorimeter, Colby College Version standard bomb calorimeter. 
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Once dry, samples were placed in airtight containers and stored in a desiccator until further 

processing.  To prepare the samples for the CN analyzer, 6 mg of sample was placed in a 5x9 

mm pressed tin capsule, suitable for solid samples (Code 41061; Costech Analytical, 

Valencia, CA).  Sample and tin were weighed using a Mettler Toledo AT21 comparator 

microbalance (Columbus, OH).  Air was pushed out of the sample tins and they were folded 

into a round shape.  Samples were again stored in a Dry Keeper desiccator (Sanplatec Corp., 

Osaka, Japan) until further analysis.  The CN content was analyzed using a Costech ECS 

4010 elemental analyzer (Costech Analytical, Valencia, CA, USA). Certified reference 

material (Acetanilide,  % N = 10.36; % C = 71.09) at varying masses, was used to create 

calibration curve.   

 

Pellet durability index (PDI) was determined for each pellet treatment in duplicates.  

A representative sample of the pellets was screened to remove the fines using a 3.18 mm 

metal screen sieve.  The dust tight tumble box was weighed and tared on a Sartorius 

analytical balance (Sartorius Stedim Biotech, Aubagne, France).  A 500 g sample was added 

to the box.  The tumble box was securely closed and attached to 1-1/2 HP Dayton DC motor 

(Dayton Electric Manufacturing Company, Niles, IL; Figure 2.5).  The pellets were tumbled 

for 10 minutes at 50 RPM (for 500 rotations total).  After tumbling, the pellet sample was re-

sieved and sample weight was recorded.  The PDI was calculated using the following 

equation: 

 

 PDI = 
𝑓𝑖𝑛𝑎𝑙 𝑝𝑒𝑙𝑙𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑝𝑒𝑙𝑙𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡
 ×  100 

 

Figure 2.6.  Pellet durability index testing system. 
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The density of each pellet was determined in triplicates.  Using a Mitutoyo digital 

caliper (Code 500-171; Mitutoyo Corp., Japan) to measure length (mm) and diameter (mm), 

and an analytical balance to measure weight (g) (Fisher Scientific, Waltham, MA), the pellet 

density was calculated using the following equation: 

 

 Density = 
𝑤𝑒𝑖𝑔ℎ𝑡

𝜋×𝑙𝑒𝑛𝑔𝑡ℎ×0.25(𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟2)
 

 

Percentage of fines was determined by screening a 3 kg sample through a 3.18 mm 

wire screen sieve.  The sample was added to the screen and the screen was tilted back and 

forth 10 times.  Screened fines were collected in a base pan.  Percentage of fines was 

calculated using the following formula:  

 

 % Fines = 
𝐹𝑖𝑛𝑒𝑠 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡
 ×  100 

 

2.4 EXPERIMENTAL DESIGN 

 Data were analyzed using multivariate analysis of variance and linear regression 

using SAS 9.4 (SAS Institute, Inc., Cary, NC).  A completely randomized 2x2 factorial 

design was implemented to compare treatments; feedstock (green lodgepole pine and beetle 

killed lodgepole pine), mill type (laboratory and portable) and the interaction of feedstock 

across mill type.  The effect of treatments on pellet quality was tested by the MIXED 

procedure of SAS.  Protected least significance difference was used to compare least square 

means (LSM) and data are reported as LSM ± greatest standard error of the means (SEM).  

Linear and quadratic contrasts were also tested to detect effects of pelleting order on pellet 

quality.  Experimental unit was declared as each feedstock option by mill type replicated 4 

times (n=16).  A power analysis was conducted to help determine sample size.  With a 

confidence level of 95% (2-sided) and a nominal power of 80%, it was determined that a 

minimum of three replicates (12 experimental units) would be required to detect a significant 

difference among feedstock and mill type.  This assumed that each feedstock sample within 

mill type was independent from one another.   
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2.5 RESULTS AND DISCUSSIONS 

2.5.1. Particle Size Distribution 

Particle size distribution was consistent between the beetle kill and green lodgepole 

pine residues (Figure 2.7).  The distribution did not differ when comparing percent retained 

by sieve size across feedstocks.  This consistency between feedstocks was expected, as all 

feedstock samples were hammermilled using a 6 mm (6000 μm) screen.  However, particle 

size distribution did differ by feedstock across the sieve sizes (P=0.0006), with the most 

notable difference between the 840 and 590 μm sieves.  With exception to the 840 μm, green 

lodgepole had only slightly greater percentages of particles retained per sieve screen.  Thus, 

the overall particle size distribution of both the beetle killed and green lodgepole pine 

residues were fairly consistent.   

 

 

Figure 2.7. Screen analysis results for the beetle killed and green lodgepole pine residue 

feedstock. 

2.5.2 Moisture Content 

Pellet moisture content (MC) varied from 2.29 to 8.62%, with pellets from the 

portable mill having lower MC% (3.13%) as compared with pellets from the ring die mill 

(7.86%).  The feedstock types also differed within each mill type.  Green lodgepole 

consistently had greater MC values than the beetle killed lodgepole (5.70% vs. 5.29% ± 0.14, 

P=0.09; Table 2.1).  Ring die mill feedstock had a greater initial MC, which may have 

increased overall MC in ring die mill pellets (P<0.01).  As expected, pellet MC varied by 
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mill type (P<0.01) and tended to vary by feedstock, though not significantly.  Feedstock was 

pelleted in separate batches but was handled and prepared for pelleting identically to 

differing final MC as was deemed appropriate for quality pellet production by mill type.  It 

has been found that following beetle infestations, the blue-staining fungi that is left behind by 

the beetle leads to a decrease in moisture content, as well as specific gravity of the wood, 

which is thought to be a result of fungal degradation to the cell-wall (Woo et al., 2005; Koch, 

1996).  Thus, potentially altering the overall MC characteristics of the wood.  Also, 

environment likely influenced the effects of the mill type on MC, as one environment was 

controlled (laboratory) while the other was not (portable).  In addition to environment, the 

type of die in the mill can also affect conformation.  Ring die mills create better quality 

pellets as compared to flat die mills, and are often the industry standard (Chen, et al., 2015).  

With exception to the green lodgepole pellets from the portable mill, all of the pellet varieties 

are within the parameters to meet PFI’s Premium pellet specification for MC at ≤8% and all 

pellet varieties meet the ≤10% specification set for all three PFI pellet categories (Figure 

1.3).  
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Table 2.1. Least Square Means for Pellet Analysis 

 Feedstock Mill Type  P-value 

Analyses GLP1 BKLP2 F3 R4 SEM5 Feedstock Mill 
Feedstock 

× Mill 

Density, g/cm3 1.13 1.15 1.10 1.17 0.014 0.25 < 0.01 0.53 

Pellet Durability Index 0.89 0.86 0.78 0.97 0.0048 < 0.01 < 0.01 < 0.01 

Fines, % 15.36 19.15 20.41 14.10 1.20 0.05 < 0.01 0.14 

Ash, % 0.45 0.34 0.42 0.37 0.023 < 0.01 0.18 0.22 

Moisture, % 5.70 5.29 3.13 7.86 0.16 0.09 < 0.01 0.55 

Calorific Value, KJ6/kg 20750 20430 20664 20516 47.80 < 0.01 0.05 0.32 

Chemical Composition         

Carbon, C 51.81 52.51 52.34 51.96 0.41 0.26 0.51 0.35 

Nitrogen, N 0.34 0.33 0.32 0.35 0.012 0.64 0.14 0.64 

C:N Ratio 0.0025 0.0024 0.0025 0.0024 0.00012 0.41 0.72 0.91 

1Green lodgepole pine 

2Beetle killed lodgepole pine 

3Flat die pellet mill 

4Ring die pellet mill 

5Greatest standard error value of least squared treatment means 

6Kilojoule per kilogram 
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2.5.3 Calorific Value 

     Calorific value is a direct measure of heating value possessed in each pellet type.  The 

pellets were rated at similarly reported BTU/lb. as previous studies, regardless of the bark 

and needles (Piekarski et al., 2009).  Interestingly, calorific value differed between the two-

feedstock varieties, with pellets from green lodgepole residues having greater heating values 

than pellets from beetle killed residues (P<0.01).  This may be due to the green lodgepole 

residues having a higher percentage of needles still attached during chipping and grinding.  

The additional branches, needles, and bark likely influenced calorific value due to the 

presence of additional components (such as waxes) that contributed to increased calorific 

values.  These waxes and extractives likely also aided in the pelleting process, by acting as 

natural lubricants (Piekarski et al., 2009).  Calorific value varied across mill type in the 

pellets with greater output from the flat die mill pellets as compared with ring die mill pellets 

(P=0.05).  Though significant, the variation was negligible at a larger scale (63.34 BTU/lb. or 

0.72% increase).  Multiple confounding variables were likely influencing this difference, 

with feedstock MC presumably having the largest impact on calorific value.  Feedstock for 

the ring die mill was altered to 17.5% MC; whereas, feedstock for the flat die mill was 

altered to 8 and 12% MC for beetle killed and green lodgepole residues, respectively. The 

greater MC in ring die mill feedstock as compared to the flat die mill feedstock likely had a 

tendency to affect pellet MC by mill type (7.86 vs. 3.13 ± 0.16 %; P=0.09).  The MC of the 

wood can influence pellet calorific value, because part of the energy released during 

combustion is spent in water evaporation (1049.011 BTU/lb. water), and is therefore not 

available for thermal use (Krajnc, 2015).  As with the other analysis factors, we did not see 

an interaction effect between feedstock by mill type (P=0.32).   

 

2.5.4 Ash 

      The observed ash content (Table 2.1) for all pellets in this study were well below the 

standards outlined by the PFI pellet specifications for residential/commercial densified fuels 

(PFI, 2016).  To be branded as premium pellets, the ash content needs to be ≤1.0% (≤2% for 

standard grade; ≤6% for utility grade).  The results of this study show that the ash content of 

the pellets ranged from 0.26% to 0.54%, which is well below the defined premium standard.  

Greater ash values were reported in green lodgepole residues than beetle kill lodgepole 
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residues (P<0.01), however all values were comparable to those reported in literature 

(Paukkunen, 2015; Piekarski et al., 2009).  Given the utilization of residues (including bark 

and needles), much higher percentages of ash were expected in all pellets, as bark is a known 

contributor to higher ash contents (Paukkunen, 2015). 

 

2.5.5 Carbon and Nitrogen 

      The difference between carbon and nitrogen concentrations among the pellets was 

considerable (Figure 2.6).  Despite having needles in the residue feedstock and resulting 

pellets, nitrogen concentrations remained low and in some instances, undetectable.  In 

contrast, carbon concentrations were similar to previously reported concentrations for wood 

residues with bark and needles (Johansson et al., 2003; Johansson et al., 2004).  In this study, 

no significant difference was detected for carbon, nitrogen, or carbon nitrogen ratio.  This 

indicates that chemical composition remained constant across feedstocks, pellet mill types, 

and the interaction of feedstock and mill.  Therefore, combining the residues feedstock for 

pelleting did not influence the overall characteristics or integrity of the pellets.   
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Figure 2.8.  Percentage of carbon, nitrogen, and the carbon nitrogen ratio detected in the 

pellet samples for all treatment levels. 

 

2.5.6 Pellet Durability Index 

       The pellet durability index indicates of the overall strength and compaction of each pellet 

variety.  This index serves as a conclusive comparison between each feedstock and mill 

performance, and also indicates how well pellets transport. Results of this study suggest that 

feedstock (P<0.01), mill type (P<0.01), and feedstock by mill interaction (P<0.01; Figure 
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2.8) affect pellet durability.  Initial observations indicated that pellets manufactured using the 

flat die mill were visibly inferior to the pellets from the ring die mill.  Pellets from the flat die 

mill were much shorter and appeared fragmented with striations, which previous research has 

suggested to be synonymous with weakness or breakage points (Figure 2.7; Wilson, 2010).  

Pellets from the beetle killed lodgepole were also found to be less durable than the green 

lodgepole pellets (P<0.01; Table 2.1).  Woo et al., (2004) found that the wood morphology 

and chemistry is affected after a beetle infestation, lowering the overall quality.  This is likely 

the reason that the beetle kill lodgepole exhibited slightly less durability than the green 

lodgepole. This indicates that the feedstock, mill type, and the interaction of the two, have a 

significant impact on the overall pellet quality and durability.   

    

Figure 2.9.  Pellets from both residue types, produced on the portable mill (left) and the 

laboratory mill (right) with varying MC. 
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Figure 2.10.  Pellet durability of feedstock across mill type. 

2.5.7 Regression Analysis  

     In addition to the main effects, pellet production sequence impacted pellet durability for 

both mill types and feedstocks (Flat die:  P=0.04, r=0.71; Ring die: P=0.03, r=0.74; Figure 

2.9).  Pellets produced in the middle of the production cycle were found to have the highest 

PDI value, suggesting that those particular pellets are the most durable and will handle the 

best.  Whereas pellets produced at the beginning and the end of the production cycle resulted 

in lower PDI values.  At the beginning of the production cycle when the mill is cool, pellet 

quality and durability is expected to be lower because of less heat present to warm up the 

lubricants (natural or artificial) in the feedstock (Dingman, 2009).  However, pellet quality at 

the end of the production cycle was similar to quality at the beginning of the cycle.  

Logistically, pellet production and quality would peak at mid-production cycle when the mill 

is hot and running at full capacity, and would maintain throughout the end of the production 

cycle.  However, pellet quality decreased as the cycle progressed beyond mid-point.  Reasons 

why this may be include outliers, slowed production towards the end of the run or a slight 

change in weather altering the feedstock characteristics and/or mill temperatures.  However a 

definitive reason why this occurs is unclear.   
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A  

B  

Figure 2.11. Regression analysis of pellet production sequence in regards to mechanical 

durability.  A) represents both green lodgepole pine and beetle killed lodgepole pine pellets 

manufactured on the ring die mill, while B) represents those pellets manufactured using the 

flat die mill. 
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2.5.8 Density 

      Pellet density was found to be highly positively correlated with PDI value (P=0.01).  This 

correlation suggests why a significant difference was observed between mill types (P<0.01). 

Despite high correlation, density did not differ across feedstock or feedstock by mill 

interaction.  Mill type did affect pellet density (Table 2.1).  This is consistent with previous 

studies that ring die versus flat die ring produce significantly different pellet quality (Chen et 

al., 2015).  The flat die on the portable mill is considerably thinner than the ring die on the 

laboratory mill.  Therefore, the feedstock is not spending a long time in the die before 

extrusion.  This resulted in less overall heat conduction from the portable mill, lower 

feedstock compaction, and reduced overall pellet density.  In addition to die type, pellet 

production may have been influenced by the environment where the mills were located.  The 

portable flat die mill was located in an outdoor location, which can be highly variable.  As 

compared with laboratory ring die mill, which was located inside a climate-controlled 

facility.   

 

2.5.9 Fines 

      By definition, fines are any particulates that are not consumed during pelletizing or that 

come from compacted pellets.  Fines may accumulate at the mill gate (chute where pellets are 

extruded), or during transport or handling  (Thomas, 1996).  In this study, fines were 

negatively correlated with pellet durability (r=0.70; P<0.01) and MC (r=0.73; P<0.01).  This 

is logical because when percentage of fines increases, pellet durability, which is highly 

correlated with MC (r=0.98; P<0.01), decreases. Initial visible observations indicated that the 

pellets produced on the flat die mill had significantly more fines present, both at the gate and 

after transport and handling, as compared with pellets produced with the ring die mill.  Upon 

analysis, this observation was supported, as fines differed across feedstock (P=0.05) and mill 

types (P<0.01).  There were no detectable differences of fines by feedstock across mill type 

(P=0.14).  Pellet fines were greater for the portable mill as compared with the laboratory mill 

(20.41 vs. 14.10 ± 1.20%).  Fines were also significantly different between feedstock types, 

with beetle killed lodgepole having a higher overall percentage of fines than green lodgepole 

(19.15 vs. 15.36 ± 1.20%).  Regardless of mill or feedstock type, all variations of pellets 

exhibited significantly higher fine levels than is acceptable for any standards or accreditation 
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program.  Under the PFI low-grade pellets require less than 1.0% of fines be deposited at the 

mill gate during production.  To be branded premium, less than 0.5% of fines at the mill gate 

is acceptable.  Due to the high percentage of fines deposited at the chute gate in this study, it 

is evident that pellets manufactured on both mill types and from both feedstock variations 

will not meet commercial or residential pellet standard without further modifications to the 

mill and/or the feedstock materials. 

 

2.6 CONCLUSIONS 

Managing forest and logging residuals will always be an issue for land managers and 

forest owners.  Whether it is performing annual pruning and clearing on family forests, 

overseeing logging site clean up, or managing stands of dead standing timber, foresters of all 

divisions will be challenged with evolving forest residual management as new timber harvest 

strategies emerge and the potential for changing regulations become imminent realities.   

 

The portable pelleting system holds merit as a new resource to utilize forest residue 

and potentially aid in the reduction of burning residues.  Yet, some limitations exist in this 

system.  The portable, flat die mill demonstrated that it was capable of utilizing forest 

residues and manufacturing pellets, although the pellets were lesser quality than those 

produced on the laboratory, ring die mill.  Pellets from the flat die mill were variable in 

length, drier, and had numerous striations and breakage lines.  Comparatively, the pellets 

from the ring die mill were more uniform in length, glossy in appearance, and were well 

compacted.  The ring die configuration of the laboratory mill demonstrated that it was better 

suited for pelleting both varieties of the lodgepole residues in this study.  However the flat 

die mill should not be disregarded, as it was also capable of producing pellets and may excel 

at pellet production utilizing other feedstock varieties. 

 

Of the variety of feedstock species available, beetle killed pine species were of 

particular interest for this study.  The acres of beetle killed pine in the West are growing 

rapidly, threatening the integrity forests and creating a fuel source for wildfires.  Moreover, 

beetle attacks have been found to significantly affect the wood morphology and chemistry, 

affecting the overall quality of the wood fibers (Woo et al., 2004).   This lessens the value of 
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the wood, even for energy production, if timely utilization is not enacted (Stennes and 

McBeath, 2006). Fungal degradation of the wood cell following infestations alters moisture 

content and specific gravity (Woo et al., 2004; Koch, 1996).  Thus, the low density and 

subsequent high elasticity of the wood likely altered the friction being generated between the 

die and the feedstock.  It is known that denser materials will generate more friction, and thus 

more heat, during the pelleting process (Wilson, 2010).  Heat is vital to quality pellet 

production and can be achieved with softwood materials by increasing residence time in the 

die (Wilson, 2010).  A modification to increase the die depth (Stark, 2009) of the flat die mill 

could increase the residence time that the feedstock spends in the die before extrusion, thus 

increasing the overall compaction and pellet quality.  This infers that with minor 

modifications to the mill, green and beetle killed lodgepole may be better utilized as a 

feedstock for family forest owners.    

 

Pellets were successfully produced utilizing both the green and beetle killed 

lodgepole logging residues, however neither feedstock nor mill type yielded pellets that met 

all the PFI required standards.  To be classified in one of the three PFI pellet standard 

categories for residential and commercial densified fuels (i.e. premium, standard, and utility), 

it is mandatory that pellets meet all of the fuel property requirements as outlined by each 

category on the PFI Standards Specification sheet (Figure 1.3).  Pellet durability, percentage 

of fines, and overall pellet length were disqualifying standards for pellets in the present 

study.  Beetle killed feedstock produced slightly lesser quality pellets than the green 

feedstock and the portable mill was not as well equipped to process the lodgepole pine 

residue feedstock as the laboratory mill.  However, pellets were acceptable in moisture 

content and percentage ash for all treatment combinations.  It is possible to manufacture 

pellets from logging residues, specifically utilizing beetle kill pine and a portable mill; 

however the pellets are not suitable for residential or commercial applications based on 

industry standards.  However if family forest owners choose this system to utilize residues on 

their property, pellet quality may not be as much of a concern.  Ultimately, pellet stove 

owner preference is what dictates the standards of pellet quality.  While this portable system 

may not be appropriate for every pellet stove or forest owner, it may be for some, thus 

signifying more research is needed to come to a more conclusive answer. 
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With the portable flat die mill, it is feasible for forest owners to utilize logging 

residues to manufacture pellets.  Though the flat die mill produced lesser quality pellets from 

lodgepole pine residues, potential to produce pellets for personal household use may be 

feasible.  The portable milling system provides an opportunity for forest owners to be 

proactive and self-sustaining.  However, as long as burning forest residues are permitted 

pellet production will likely remain an underutilized technology for forest residue 

management.  

 

2.7 FUTURE RESEARCH 

In part, we now have a better understanding of how beetle killed lodgepole pine forest 

residues and portable milling systems function and the application that all may serve for 

family forest owners.  The initial results were less conclusive than originally anticipated, 

however we are now provided opportunity for developing this technology.  Species selection 

is a key element during pellet production, as producers often have difficulty making pellets 

from different tree species.  One such opportunity highlighted in this research is further 

investigation into species selection, specifically a species with a higher known density (i.e. 

Douglas fir).  Investigation into a mixed conifer species is also warranted, as it would better 

represent the logging residue produced on a logging management site in the PNW.  

Feedstock preparation is also an important facet in pellet production.  It is suggested that a 

binder be used when working with lodgepole, given its lower density.  By applying binders 

to the feedstock, it may increase pellet quality, which may make this application more viable.  

Work with binders or other additives would be reasonable, as it may give a glimpse into 

feedstock properties and pelleting characteristics.  Finally, modifications to the flat die mill 

may make improvements to pellet quality and may also increase feedstock efficiency.  
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