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ABSTRACT 
The fluidization laboratory in the College of Engineering at the University of Saskatchewan in 

collaboration with SaskPower, the Prairie Agricultural Machinery Institute and the Department of 
Soil Science is developing a pilot scale thermochemical process that could swing the economic 
pendulum to favor the agricultural producer. This project combines expertise in mechanical, 
electrical, biological and chemical engineering to construct a pilot plant for scalable development of 
biomass upgrading technology. The pilot torrefaction process under development includes 
production of an energy dense biologically stable coal surrogate (biochar) suitable for direct heating 
and electricity generation applications. In parallel, the potential for reduction in syngas contaminants 
by gasifying the biochar is being investigated.  

Preliminary batch torrefaction work has been completed on three different biomass types; hybrid 
willow of 1-3 years growth, flax straw and wheat straw.  This work has been used to establish the 
approximate operating conditions to be used in the continuous torrefaction system for each biomass 
type, and to demonstrate the value of the torrefaction process on these materials as can be 
demonstrated in reduction of grinding energy, and enhancement of energy density. The temperature 
range used in this study was 230-260 °C with a residence time of 10 minutes.  A reduction in 
grinding energy of between 39 and 43 % along with an increase in heating energy of between 9 and 
16 % was observed. 
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INTRODUCTION 
The province of Saskatchewan depends on solid fuel combustion for the majority of 

electricity generation. In particular, lignite coal extracted from near the southern border accounts for 
approximately 55% of generation capacity and 60% of consumed electricity. Lignite coal has a 
heating value of around 13 kJ/gram compared to approximately 18 kJ/gram for wood and has been 
found to have high lifecycle costs associated with its extraction and consumption (Epstein, 2011). 
Biomass has potential as a “drop-in” replacement in a co-firing scenario. Relative to coal, 
unprocessed biomass has a high probability of degradation if stored outdoors and lacks the density 
to be transported long distances efficiently. Torrefaction is a low temperature treatment of raw 
biomass that has been shown to improve the hydrophobicity, reduce the required grinding energy 
and increase the energy and bulk density. As part of the development of a continuous torrefaction 
process at the University of Saskatchewan, three types of biomass (wheat straw, flax straw and 
coppice willows) were treated in a batch reactor to investigate the relative improvements that 
torrefaction can impart on locally sourced biomass. The treated biomass was analyzed for grinding 
energy, energy density and changes in characteristic properties (proximate and ultimate 
composition).  
METHODOLOGY: 

Comminution 
A specialized rotating disc cutting machine (Rotoshear) has been developed by the research group to 
rapidly cut long-stemmed biomass into consistent lengths (Figure 1). The unit has been used to 
prepare the flax straw, wheat straw, and willow for this experimental work and has been shown to 
produce uniform cuttings of each. The design minimizes the breakage of the pieces and produces a 
more granular material.  The system works very well for willow producing a highly granular 
material and also for wheat straw, where the cuttings produced flow very well. Preliminary work in 
cutting flax straw produces an improved product, but one that still has the inherent fine fibres which 
stick together, limiting free flow.  

 
  Figure 1: Rotoshear - unique rotary cutting device for long-

stemmed biomass (Guards removed for clarity) 
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Batch Torrefaction  
Biomass torrefaction for this work was completed using a 75 mm diameter tubular thermal 

reactor as shown in Figure 2.  The reactor consists of a preheater/windbox section that is fed N2 gas 
through an adjustable rotameter.  The gas in this section can be preheated to 200+ °C by two 
cartridge style electrical heaters that heat the flowing gas.  This heated gas then flows upward 
through the adjacent distributor into the reactor section.  The distributor consists of a punched plate 
structural support, with a wire mesh resting on top to hold fine particles within the reactor section.  
The reactor segment is enclosed by a 4800 W clamshell type tube furnace, which provides 
additional indirect heat to the reactor segment.  This section can be operated up to 950°C (as 
measured from the reactor wall).  Gases then flow upward into the expanded freeboard section 
which is also heated to 200 °C to prevent vapour condensation. Vapours are condensed and 
collected in a condenser and suspended solids are captured by a cyclone before the gases are 
exhausted.  Each of the heating systems has an independently adjustable setpoint and display 
through proportional temperature controllers.  Three pressure transducers monitor the reactor 
pressure at points below the distributor, above the distributor and at the top of the freeboard.  These 
transducers transmit voltage signals to a D.C. voltage input data acquisition module that is 
connected to a P.C., LabviewTM interface software, and datalogging program.  Five type-K 
thermocouples connect to a thermocouple input module connected to the same LabviewTM program.  
Three of the thermocouples measure the temperature in the sample area.  All of these measurements 
are displayed in real time and are recorded to a data file at 10 second intervals. 
Biomass 
 In this study, flax and wheat straw and fast-growing willows were torrefied at three temperatures 
and analysed for mass yield, grinding energy consumption, energy density, and proximate and 
ultimate composition. By demonstrating an increase in energy density and decrease in grinding 
energy consumption, a case may be made for commercial usage of these feedstocks in 
Saskatchewan’s coal fired power plants.   

The wheat straw that was used in this experimental work was contributed by the Prairie 
Agricultural Machinery Institute (PAMI), and was grown 6 km north of Humboldt SK in 2011.  The 
variety is hard red spring wheat, and was harvested between September and October 2011. 

The fast-growing willow is a common European clone variety known as SV1. The crop was 
harvested from an experimental plot on the campus of the University of Saskatchewan in the spring 
of 2012. The stems were the second crop from the plantation after 1 year of growth between the first 
and second harvest. 

The flax straw was also contributed by PAMI, and likewise grown in the vicinity of Humboldt 
SK.  The usage/disposal of flax straw is a significant issue for flaxseed producers as this residue 
does not decompose quickly in soil.  Farmers must either remove this residue from the field or burn 
it prior to reseeding.  Flax straw does have significant energy density at approximately 15-18 MJ/kg 
and thus using torrefaction to process it into a co-firing fuel may be an attractive option.  Significant 
challenges with flax straw will be to reduce its particle size sufficiently to allow it to flow through a 
continuously fed process. 
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Figure 2: 75 mm flexible-bed thermal reactor and instrumentation systems schematic 
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EXPERIMENTAL PROCEDURE 
The biomass was first segmented to ~25mm lengths using the Rotoshear.  This method resulted 

in a narrow particle size distribution for wheat straw and willow (Figure 3).  Oversized particles 
(greater than 30 mm) were removed from the bulk storage container prior to further processing. The 
flax straw was first subject to segmenting in the Rotoshear, followed by grinding through a #1 Wiley 
mill with a 6.9 mm screen in order to achieve a relatively flowable feedstock that could be added to 
the thermal reactor using the method described here.  The flax straw was found to be a challenging 
feedstock as the stems tend to interlock and clump both before and after segmenting. 

Figure 3: Rotoshear cutting device and segmented biomass (Willow / Wheat Straw) 
 A 3 gram sample of each biomass was set aside for moisture content analysis, and a 250 gram 
(willow) / 50 gram (flax/wheat straw) sample was measured for the torrefaction experiment. 

The torrefaction apparatus was set up as follows.  Flow of air from the laboratory compressed air 
system was initiated through the reactor at 10 standard litres per minute (slpm).  The pre-heater and 
freeboard section heating systems were then turned on and the setpoint for each was set to 200 °C.  
The clamshell furnace was turned on and the temperature was set to 230-300 °C in order to preheat 
the apparatus.  At the point when the reactor internal temperature had reached approximately 180 
°C, the injection gas was switched to N2 gas sourced from a gas cylinder, while flow was maintained 
at 10 slpm.  When the reactor temperature reached 200 °C and the initial air had been evacuated 
(minimum 5 minutes of N2 flow), the measured sample of raw biomass was dropped into the 
addition port above the heated section of the reactor.  After the sample was added the port was 
closed, and the insulating blanket was replaced around the freeboard section.   

At this point the clamshell furnace controller was set to a higher temperature, generally 40 °C 
higher than the target temperature for the run.  The midpoint of the temperatures measured by the 
three thermocouple probes immersed in the bed was used to determine when the run target 
temperature had been reached.  The furnace setpoint was then adjusted and the clamshell opened as 
needed to provide cooling to prevent overheating and maintain the desired temperature for the 10 
minute duration.  This time period was started when the temperature reached within 1 °C of the 
target. The heating/cooling procedure was repeated in order to maintain the set temperature within 
+/- 3 °C of the target temperature.  When the duration was completed, the furnace controller was 
shut off and the furnace was opened in order to rapidly cool the reactor and sample.  The reactor was 
cooled until the temperature dropped below 150°C and then the reactor was unbolted from the 
freeboard, and emptied into a sample container.  The mass of the remaining char was then measured 
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using the digital balance, and placed in a sample bag for analysis. 

ANALYSIS: 
 Mass measurements of the feedstock and product samples were completed using a 
MettlerToledoTM PB4002-S digital balance, having a resolution of 0.00001 kg.   
 Moisture content of the feedstock was measured prior to torrefaction by measuring a 3 gram 
sample on a MettlerToledoTM HB43 moisture analyser.  Reported value had a resolution of 0.01% 
moisture content (M.C.). 

Carbon, hydrogen, nitrogen, and sulfur (CHNS) composition were measured using an 
ElementarVarioEL III (v. 4.01, 2002) and a Mettler ToledoTM XP6 micro-balance. Once the CHNS 
composition was determined, oxygen content was calculated by difference. 
 Thermogravimetry was used to determine the proximate composition of the samples. The method 
consisted of stabilization in nitrogen at 25 °C for 4 minutes followed by drying at 105 °C for 3 
minutes. The dry sample was then heated in the same inert environment at a rate of 50 °C / min to 
900 °C at which point it was oxidized with air for 7.5 minutes before cooling. The derivative of the 
mass change curve was used to determine the proximate composition of the sample. 
 Higher heating value on a dry and ash free basis was calculated by combining the CHNS results 
and TGA results.  CHNS values were first adjusted for a dry and ash free sample.  These results 
were then used with the Dulong and Petit formula (Basu, 2006) for estimation of solid fuel higher 
heating value (HHV) where HHV is a function of carbon, hydrogen, oxygen and sulphur 
concentration, where: 

𝑯𝑯𝑽 = 𝟑𝟑,𝟖𝟐𝟑×𝑪+ 𝟏𝟒𝟒,𝟐𝟒𝟗× 𝑯− 𝐎
𝟖
+ 𝟗𝟒𝟏𝟖×𝑺    (𝒌𝑱

𝒌𝒈
)         (1) 

 Grinding energy was calculated by grinding of a 20-30 gram sample using a #1 Wiley mill 
operated by a 0.75 kVA variable frequency drive (VFD) at 30 Hz/878 rpm with a 0.9 mm mesh 
screen.  Power consumption was measured and transmitted from the VFD drive by the D.C. voltage 
input OmegaTM data acquisition module and LabviewTM virtual instrument (V.I.).  Power 
consumption by the Wiley mill motor was measured from the time the sample was added until the 
power consumption dropped to a steady state value.  The no-load power consumption was 
subtracted from the data, and then this signal was integrated with respect to time in order to 
calculate the overall energy input (in kJ). The relative energy consumption was then expressed as a 
ratio of total power input to starting sample mass, and then calculated as a ratio of total input power 
to char energy throughput by dividing by the HHV of the sample derived from CHNS data 

Due to the limitations of the mill, in each testing scenario, between 50 to 70 % of the original 
mass passed through the screen with the remainder caught up by static forces within the mill.  Some 
degree of interpretation was required in analyzing this data, as with most sample runs, when the 
grinder can no longer pass material through the screen, it will continue to work under slight load as 
it moves the remaining material around in the chamber. 
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RESULTS AND DISCUSSION 
 
 

 
 

 
 

 
 

 
 

 
 

Dry mass yield for each experiment, broken out by biomass type is shown in Figure 4. Here, it 
can be observed that for all biomass types, a dry yield of 85-90 % (a proxy measurement 
representing energy yield) is achieved between 250-260 °C for these biomass types.  Given that 
direct measurement of yield during a continuous operation is difficult, having a proxy measurement 
which is straightforward to measure as product flows out of a reactor (mass) and a temperature 
range which will deliver that yield will be very useful in designing a continuous system. This is 
especially the case where the continuous system will use the same feedstock particle size and 
moisture content as is the case in this work. 

Proximate and ultimate composition was measured for the three feedstocks and the results for 
willow and flax straw are summarized in Figures 5 and 6 below. 

  
Figure 5: Change in ultimate composition for willow and flax straw compared to a control sample 

for three torrefaction exposure temperatures 

 

Figure 4: Dry Mass yield for each sample 
following torrefaction 



 
 

8 

 

 
Figure 6: Change in proximate composition for willow and flax straw compared to a control sample 

for three torrefaction exposure temperatures 

The figures show the change in composition compared to a control sample for the three 
temperatures investigated (240, 250 and 260 °C). The desired effect of reducing the O/C ratio in 
order to improve HHV can be observed in Figure 5. The figure shows continued reduction in O/C 
ratio at higher temperatures. However, the decline in mass yield ultimately reduces the energy yield 
of the fuel.  The optimum range to maximize mass yield and heating value requires further 
investigation. 

 
Figure 7: Grinding energy for three types of biomass (willow, and flax and wheat straw) before and 

after torrefaction at three temperature levels. 
Grinding energy, expressed as kW of electrical energy required to generate MW of thermal 

(fuel) energy was measured and calculated for the three biomass types, and is illustrated in Figure 7.  
The grinding energy for wheat straw was found to decrease from 17.6 kW/MW (control) to 9.1-11.1 
kW/MW within the range of torrefaction conditions shown.   
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The flax straw was pre-ground in the Wiley Mill with a 6.8 mm screen prior to torrefaction.  The 
grinding energy for unprocessed material was 21.7 kW/MW, and for torrefied material varied from 
7.5 to 17 kW/MW.  These values do not account for the grinding prior to torrefaction. Methods 
should be examined for torrefying flax straw with less preliminary grinding to determine if this 
energy input can be further reduced. 

Finally, for willow particles (15-25 mm in length), the grinding energy was 57 kW/MW and 
following torrefaction, decreased to a range of 31.3 to 37.2 kW/MW. 

Overall, the uncertainty with this method was quite high, as observed through the irregularity of 
values and the lack of a linear relation between grinding energy and torrefaction temperature.  
Therefore, this data is shown as a demonstration of the general change in required energy following 
the torrefaction process.  On average, torrefaction decreased grinding energy for wheat straw by 43 
%, for willow by 40 % and for flax straw by 39 %.  Higher torrefaction temperatures should be 
examined for these feedstocks to assess if the grinding energy can be further decreased, and this gain 
examined against the reduction in energy yield to determine an optimum.  In addition, an improved 
method for grinding energy calculation should be developed in order to decrease the uncertainty. 

Energy density on a dry, ash-free basis was calculated based on ultimate composition.  For raw 
wheat straw the energy density was 16.2 kJ/gram and increased to 17.6-17.9 kJ/gram after 
torrefaction at temperatures from 230 to 250 °C.  By comparison, the starting energy density for 
willow was measured as 18.2 kJ/gram and increased to 19.8-21.1 kJ/gram for torrefaction 
temperatures from 240 to 260 °C.  Flax straw was found to have initial energy density of 17.4 
kJ/gram and increased to 19.3 - 20.1 kJ/gram for torrefaction temperatures from 240 to 260 °C. 
Figure 8 shows the increase in higher heating value versus torrefaction exposure temperature. The 
relative rates of increase in heating values are clearly visible between the three feedstocks; willow 
and flax showing considerable improvement at higher torrefaction temperature and wheat straw with 
a relatively small improvement. 

  

Figure 8: Higher heating value of torrefied biomass versus 
the exposure temperature in the torrefaction reactor 
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CONCLUSIONS: 
Torrefaction of biomass is a promising technology for the use of agricultural residues and woody 

biomass in existing energy infrastructure.  Wheat straw, flax straw and willow were prepared using a 
unique rotating cutting device and torrefied in a batch reactor at three temperature levels ranging 
from 230 to 260 °C. The torrefied samples were analyzed for proximate and ultimate composition.  
Grinding energy was measured using a Wiley mill and the higher heating value was calculated using 
the Dulong-Petit formula. 
Batch torrefaction was found to benefit wheat straw, flax straw and willow in a similar manner. The 
specific benefits can be summarized as follows. 

⋅  Grinding energy of all three feedstocks was reduced by between 39 and 43 % and the higher 
heating value increased by between 9 and 16 %.  

⋅  The higher heating value of flax straw was found to be higher than wheat straw but flax 
straw required additional preprocessing. The low ash content of flax straw (2.1 – 3.1 %) is an 
additional benefit and may justify the additional pre-processing energy. 

 The target peak temperatures for each proposed biomass type generated through this work will 
be applied to the design of a continuous torrefaction unit (CTU).  It is postulated that 260-270 °C 
will result in the target energy yield of 90% in the case of all three biomass types for 10 minute 
target reaction time. The relative improvements in grinding energy and higher heating value after 
torrefaction at higher temperatures will be investigated. 
 Beyond demonstrating the application of these results in a continuous system, the char produced 
in this research requires testing for combustion behaviour, both alone and in mixtures with 
Saskatchewan lignite.  Demonstration of co-firing this material in conjunction with lignite will be 
required to make a definitive case for using it in existing SaskPower facilities, and will be the next 
stage of proposed research beyond the assembly and testing of the CTU.   
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