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EXECUTIVE SUMMARY
Thermal pre‐treatment, or torrefaction, is process that improves the solid fuel properties of
biomass. It is a mild temperature pyrolysis that produces a dry, hydrophobic solid product with
increased energy content and grindability. The resulting fuel is therefore more favourable for a
number of energy conversion processes including densification, gasification, dedicated
combustion and co‐firing. There is considerable interest from the utility owners in being able to
fire these fuels as a number of fuel processes are developing the market for pre‐treated fuels.
There are a number of technical challenges posed by processing and firing torrefied biomass. Of
particular interest for this project was to investigate the increased grindability of biomass as a
result of this pre‐treatment process with the potential to increase biomass co‐milling rates with
coal. In addition, the project is also aimed at providing an initial assessment of the combustion
properties of thermally pre‐treated fuels. In the UK, most power stations now routinely co‐mill
and co‐fire coal and biomass. However, the addition of biomass quickly reduces the mill capacity
due to the fibrous nature of some products. Higher throughputs can be achieved with dedicated
co‐fired schemes. However, co‐milling and firing is attractive compared to a co‐fired scheme,
which requires a separate biomass feed system to act in parallel with the coal feed system, and
also avoids additional maintenance and installation costs. One of the problems with burning
biomass is the difficulty in reducing it to an acceptable particle size for transportation and
combustion within the furnace. This is especially true for energy crop fuels, which are
characterised by their fibrous nature and high moisture content. Thus there is a large strategic
need for technologies that can increase the throughput of biomass in coal handling facilities.
In order to produce sufficient quantity of fuel for the grinding investigations a reactor was
designed and constructed. An experimental methodology was developed to examine the influence
of three process parameters: temperature, reaction time and particle size. Two energy crops,
willow and Miscanthus, were successfully thermally pre‐treated at temperatures of 240 °C and
290 °C, reaction times 10 minutes and 60 minutes, and using both large and small particle sizes.
Temperature was found to be the most important parameter in terms of fuel conversion
compared to process time or particle size. Higher process temperatures result in an increase in
mass loss due to more volatile matter being evolved but produced a fuel with an energy content
similar to coal.
Research was conducted into the various pulverising processes and laboratory grindability tests
utilised for coal. The grinding characteristics of coal are commonly determined by the Hardgrove
Index, which utilise a laboratory ball mill. These tests measure the fuel passing through a 75μm
sieve under standard operating conditions. It was found that compared to milling the raw fuels,
thermally pre‐treated fuels were found to be easier to grind. However, the standard Hardgrove
Index was not applicable to evaluating the grinding characteristics of thermally pre‐treated fuels.
In order to distinguish the properties of different fuels an alternative grinding index was
developed based on the Hardgrove method.
Overall, Miscanthus was easier to grind than willow: using the highest treatment conditions willow
was calculated as having a grindability index of 51, compared to a bituminous coal of 50, whilst
Miscanthus had an index of 79. In addition, the particle size distribution profiles of pulverised pre‐
treated Miscanthus were similar to those of coals with which they had similar equivalent
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Hardgrove Grindability Index (HGI) values. Willow did not exhibit such behaviour except for the
fuel produced under the most extreme conditions. It is concluded that particle size distribution is
a more satisfactory analysis of grinding behaviour than the HGI test.
In order to determine the combustion characteristics of the fuels, they were analysed using an
array of standard fuel characterisation tests such as ultimate analysis, proximate analysis and
bomb calorimetry. In addition, Scanning electron microscopy was used to capture images of the
fuels and the total surface areas of the fuels were measured using the Brunauer, Emmett, Teller
(BET) method. High temperature high heating rate chars of the fuels were produced in a
pyroprobe, and the yields measured and nitrogen partitioning calculated. The chars were then
subject to thermogravimetric analysis (TGA) combustion tests, which were used to calculate the
char reactivities and fate of char nitrogen.
To investigate the effect of particle size of conversion, billets of willow were thermal pre‐treated
and the thermal lag across larger particles measured to determine the degree of conversion
through the diameter of large particles. The temperature lag between the core and the outer
surface of the particles was shown to increase with increasing diameter and the overall conversion
was shown to decrease with increase in particle size. The results suggest that a billet of 20‐25 mm
in diameter is the maximum particle size before the degree of conversion is affected.
The surface areas results from willow suggest that thermal pre‐treatment increases the total
surface areas of the fuels by up to 40 % depending on the treatment conditions. Furthermore,
SEM imaging revealed that thermal treatment reduced the heterogeneous physical nature of
biomass and it is suggested that these changes will result in more favourable handling behaviour
in pneumatic transport systems.
The high temperature char yield of willow was 14.8‐15.3 %. Willow produced at high temperature
with a short reaction time had a char yield of 22.5 %, whilst willow produced at high temperature
with a long reaction time had a char yield of 28.6 %. The activation energies were calculated to be
in the range of 80.0 ‐ 88.1 kJ mol‐1, and there was no clear trend between untreated fuels and
thermally pre‐treated fuels. Nitrogen partitioning calculations showed that for all fuels
investigated approximately 40% of the fuel nitrogen remained in the char whilst 60 % entered the
volatile stream. On combustion, the majority of the char nitrogen formed N2, with NO accounting
for 15‐20%.
The project successfully managed to achieve all primary objectives described in the initial proposal,
most notably the production of torrefied fuels, and their characterisation for standard analysis,
grindability and further physical properties using an array of techniques. An examination of the
combustion behaviour of the fuels was successfully completed and char production, nitrogen
partitioning, char reactivity and fate of char nitrogen have all been studied.
Overall the project has shown that by thermally pre‐treating biomass, the fuels are easier to grind
compared to raw fuel. Process temperature is critical in determining the grindability of the fuel.
However, there are a number of areas requiring further investigation including determining the
combustibility of the off gases, contaminates in the waste water effluent and a techno economic
study.
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Nomenclature
A
A
B
B
BET
C
CHN
CHP
D
DMD
DTG
Ea
Em
FTIR
HGI
HHV
ICP‐OES
kWh
m
m
m0
m1
MC
mraw
MS
mtreated
mv
ηE
ηm
OD
P
PF
PID
R
SEM
STP
T
t
TGA
TGA‐MS

Treatment conditions: High T; Small P; Short t
Arrhenius constant
Treatment conditions: Low T; Small P; Long t
Heating Rate (°C min‐1)
Brunauer, Emmett, Teller (surface area measurement)
Treatment conditions: Low T; Large P; Short t
Carbon, Hydrogen and Nitrogen
Combined heat and power
Treatment conditions: High T; Large P; Long t
Dry matter digestible content
Differential thermogravimetric analysis
Activation energy (kJ kmol‐1)
Grinding energy
Fourier transform infrared (spectroscopy/microscopy)
Hardgrove Grindability Index
Higher heating value (MJ kg‐1)
Inductively coupled plasma optical emission spectrometry
Kilowatt hour
Mass passing through 75 µm sieve (g)
Mass % of sample at time t
Initial mass % of sample
Mass of sample collected in 75 µm sieve (g)
Moisture content
Mass of feedstock fuel (%)
Mass spectrometry
Mass of treated fuel (% of feedstock fuel)
Mass of initial 50cm3 sample (g)
Energy yield of fuel (%)
Mass yield of fuel (%)
Outside diameter
Particle Size
Pulverised Fuel
Proportional‐integral‐derivative (controller)
Universal gas constant (kJ K‐1 kmol‐1)
Scanning electron microscopy
Standard temperature and pressure
Temperature
Time
Thermogravimetric analysis
Thermogravimetric analysis with mass spectrometry
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INTRODUCTION

Thermal pre‐treatment, or torrefaction, is a process that improves the solid fuel properties of
biomass. It is a mild temperature pyrolysis process that removes moisture content and a
proportion of the volatile content, leaving a dry hydrophobic solid product with increased energy
content and grindability [1]. The changes that occur enhance the fuel properties, making it more
favourable for a number of processes including densification, gasification, dedicated combustion
and co‐firing.
In the UK, most power stations now routinely co‐mill and co‐fire coal and biomass. However, the
addition of biomass quickly reduces the mill capacity due to the fibrous nature of some products.
Higher throughputs can be achieved with dedicated co‐fired schemes. However, co‐milling and
firing is attractive compared to a co‐fired scheme, which requires a separate biomass feed system
to act in parallel with the coal feed system, and also avoids additional maintenance and
installation costs. One of the problems with burning biomass is the difficulty in reducing it to an
acceptable practical size for transportation and combustion within the furnace. This is especially
true for energy crop fuels, which are characterised by their fibrous nature and high moisture
content. Thus there is a large strategic need for technologies that can increase the throughput of
biomass in coal handling facilities.
It is proposed that thermal pre‐treatment of biomass can fulfil this need and this is receiving
interest for both the fuel pellet market, and as a possible biomass gasification fuel since it makes
transportation to a large gasification unit more plausible. There have been a number of patents on
similar processes (pre‐treatment, e.g. refs 2) and some commercial processes in operation (e.g.
TOPELL in the Netherlands producing “torrefied pellets”; Airless Systems in the UK producing “Bio
Coal”). Thernergo has announced the development of a 5MW CHP plant using BioCoal. The main
advantages cited previously are the higher energy density, low moisture content, and good
storage capacity of the pelletised fuel.
There has been some work in the literature which suggests that the power consumption for milling
woody biomass decreases after undergoing thermal pre‐treatment, and that more uniform
particle shape results [3, 4]. There has yet to be published a study of the influence of particle size
on the efficiency of the process in enhancing size reduction through milling, and there is very little
in the literature concerning combustion properties of the thermally‐pre‐treated biomass [1, 4]. To
date, no work has been published concerning the N‐content of the resultant fuel and impact in
combustion. This work explores further the potential of applying coal‐milling technology to
thermally pre‐treated biomass, and provides an initial assessment of the combustion properties of
these fuels.
Aims of the Project:
• To examine the feasibility of using coal milling technology for thermally pre‐treated
biomass.
• To provide an initial assessment of the combustion properties of thermally pre‐treated
biomass.
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Objectives:
• To prepare thermally treated biomass (willow and Miscanthus) from different size
fractions.
• To characterise the fuels and determine the extent of conversion (by examining cross
sections) to establish the maximum particle size that can be converted with operating
conditions.
• To examine nitrogen partitioning during the process.
• To characterise the treated material for Hardgrove Grindability Index (HGI), density,
surface area.
• To produce high heating rate chars from the different size fractions
• To determine the reactivities of the chars from the different size fractions

The resultant thermally pre‐treated fuels have been characterised for proximate and ultimate
analysis together with heating value, and the partitioning of nitrogen determined. The N‐content
of treated biomass is a factor that could impact on NOx if the throughput of biomass into the
burner was high. Yields of solid product have been recorded so that energy balances can be
calculated for the process. Larger willow ‘billets’ 20‐40 mm in diameter were also thermally
treated. Cross‐sections of these billets have been examined by Fourier transform infrared (FTIR)
microscopy to assess the uniformity (or lack of) through the particles, and whether this is a
feasible method to determine conversion through larger particles. This allowed an estimation to
be made of the upper limit to the acceptable particle size for the process against operating
conditions. The physical properties of the treated fuels, especially the HGI, were determined to
assess the milling potential. Finally a study of the chemical properties of the fuel was conducted.
Chars were prepared from selected milled material at high heating rate using a heated coil
“pyroprobe” and the chars were characterised using thermogravimetry (TGA) for their reactivities,
and NOx emissions during combustion by on‐line mass spectrometry (MS).
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2.1.

Thermal Treatment Reactor

University of Leeds

2.1.1
Design, Commissioning and Testing
The design of the rig was a critical part of the initial work. The reactor needed to produce enough
fuel for grindability tests yet small enough to allow for satisfactory temperature control across the
reactor. The design settled upon was similar to a tube furnace pyrolysis reactor used in slow
pyrolysis reactions to produce chars from solid fuels. The furnace selected was a three zone
horizontal tube furnace with an internal diameter of 75 mm and 750 mm long, shown in Figure 1.
The three zone design allowed for maximum temperature control, and a larger total heated length
of approximately 575 mm. The central filament was controlled with a Eurotherm Model 2416 PID
Controller, whilst the two end filaments were controlled using Eurotherm Model 2216e controllers.
These controllers have programmable options, which allow for controlled heating rates and
residence times during thermal treatments.

Figure 1

Three zone horizontal tube furnace (Elite Thermal Systems Ltd, Model No.
TMH12/75/750) used to produce thermally treated fuels.

The reactor tube was designed to fit the furnace specifications. It is 80 cm in length and designed
so that the centre 40 cm can be filled with sample – there are sample supports 20 cm from one
end allowing the sample to be filled from the other end.
The reactor tube had an internal diameter of 6 cm. Therefore the total volume of the sample
region was 1130 cm3. In practice the first half of the reactor tube remains empty to allow for
sufficient gas heating, and only the third 20 cm is filled with sample. Using these dimensions and a
typical density for wood chips, this configuration allows for approximately 100 g of sample to be
treated during each batch run.
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PID diagram of borosilicate reactor tube to thermally treat fuels.

A PID diagram of the thermal pre‐treatment apparatus is shown in Figure 2. An image of the
equipment is provided below in Figure 3.
Each end of the reactor tube had a R60 Quickfit socket. The front end of the reactor tube was
fitted with a R60 Quickfit cone containing four inlet points: One central tube (OD 10 mm) for gas
inlet and three fittings for thermocouples. The three thermocouples were placed at 20 cm
intervals inside the length of the reactor tube, providing a temperature profile within the reactor
tube during the process. These allowed for measurement of the inert gas temperature before the
sample (T1 and T2) whilst the third thermocouple (T3) provided data on the temperature within the
sample.
Nitrogen was supplied to the reactor from a gas cylinder and controlled using a valve and flow
meter. The volatile products (condensable liquids and tars) were collected using chilled gas traps
filled with either solvent or deionised water. These could then be analysed off‐line.

Figure 3

Thermal pre‐treatment apparatus
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Figure 4

Typical heating programme for temperature controllers on tube furnace heating
to 290 °C at a heating rate of 5 °C min‐1 with a total time above 200 °C of 30
minutes.
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Figure 5

Temperature recordings measured during the programmed run shown in Figure 3.

It is important at this point to establish a difference between residence time and reaction time.
For this report, residence time will refer to the time at which the treatment dwells at the
maximum reaction temperature whilst reaction time refers to the total time of the experiment
above 200 °C. This is deemed the temperature at which lignocellulose biomass begins to degrade
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and this differentiation allows the results from different heating rates and residence times to be
directly compared.
A typical heating regime used during the process is shown in Figure 4, whilst Figure 5 shows the
recorded temperature measures from the same run. A typical treatment run involved two stages;
drying and pre‐treatment. The samples were pre‐dried in a laboratory drying oven before each run
in order to determine the dry mass losses during each process. Nevertheless, a drying stage was
necessary to ensure complete removal of moisture from the sample. Otherwise this could have
caused a significant temperature lag if the temperature was ramped directly to the reaction
temperature and there may have been an undesirable variance in the temperature profile
throughout the sample (a temperature lag can be observed in Figure 5 during the first stage).
Therefore, for the drying stage the furnace was heated from ambient temperature to 150 °C and
held for 45 minutes. Preliminary tests determined that these were suitable conditions to allow for
complete drying of the sample.
2.1.2
Operating Procedure
A weighed amount of sample (50‐100g measured to ±0.01 g) was placed into the reactor tube. The
reactor tube was connected to the inlet gas supply and the outlet gas collection system. For these
experiments the N2 flow was set at 1.0 dm3 min‐1 at STP. The required temperature programme
was then set and started with the measurements of the thermocouples recorded using a
PicoLogger data recorder. Measurements of the three thermocouples during the programme run
in Figure 4 are shown in Figure 5. It shows a satisfactory heating profile for the experiments, and
preliminary tests showed that these settings achieved uniform conversion of the sample in the
reactor.
Once the temperature programme was complete, the furnace was allowed to cool to ambient
temperature. When sufficiently cool the solid sample was removed from the reactor tube,
reweighed and stored. The contents of the liquid traps were also collected and stored in a
refrigerator.
2.1.3
Parameters
Whilst there are a number of variables to consider during the process, the two most critical to the
process ‐ in terms of both the conversion of the fuel and the economic constraints ‐ are
temperature and residence time. Particle size is also influential and was the third parameter
considered in this study. Although other variables such as gas flow rate and heating rate are of
potential interest, these were considered beyond the scope of this project.
The process variables were investigated with a factorial method using a three factor methodology.
This was the most economical approach to reveal the manner in which the selected variables of
temperature, time and particle size influence the process. A typical approach to the experimental
work is shown in Table 1 [5]. This multifactorial design involves changing two factors in each run.
For example, experiments were conducted at high temperature with small residence time and
small particle size, and then with long residence time and large particles. The two chipped fuels
had different average particle sizes and so for willow the small and large particle sizes were
selected as <10 mm and >20 mm. For Miscanthus the two particle sizes were <4 mm and >10 mm.
The fines (<1mm) are removed from the smallest particle sizes of both fuels.
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The two particle sizes of each feedstock fuels are shown in Figure 6.

a) Miscanthus <4 mm

b) Miscanthus >10 mm

c) Willow <10 mm

d) Willow >20 mm

Figure 6

Images of the large and small particle sizes of the two feedstock fuels

Table 1

Three factor design approach to the experimental work

Temperature T (°C)

Residence Time
t (mins)

High (290)

Short (10 mins)

Low (230‐250)

Long (60 mins)

Low (230‐250)

Short (10 mins)

High (290)

Long (60 mins)

Particle Size
P (mm)
Small
(<10mm; <4mm)
Small
(<10mm; <4mm)
Large
(>20mm; >10mm)
Large
(>20mm; >10mm)

6

Response
(Mass yield / carbon content
/ grindability index)
A
B
C
D
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Averaged results of the three factor design were calculated as:
Low Taverage = (B+C)/2; Low taverage = (A+C)/2; Low Paverage = (C+D)/2; High Taverage = (A+D)/2; High
taverage = (B+D)/2; High Paverage = (C+D)/2.
These were then used to calculate the influence of temperature, residence time and particle size
as follows:
ΔT = High Taverage – Low Taverage
(1)
Δt = High taverage – Low taverage
(2)
(3)
ΔP = High Paverage – Low Paverage
If the high Taverage result varied significantly from the low Taverage result, then it must have been that
the temperature factor produced this difference. This method allows for the role of three factors
at two levels to be ascertained in only four tests. It also determines the interdependence of the
variables.
The treated fuels were labelled according to the variable conditions of the treatment, as indicated
by the response column in Table 1. For example, ‘willow A’ refers to the willow <10 mm sample
that has been thermally treated at 290 °C for a reaction time of 10 mins.
2.1.4
Cross Sectional Area Temperature Profiles Using Large Billets
In addition to the two main feedstocks a small investigation of the temperature profile across the
cross section of large billets of willow was conducted. The willow billets were provided by
Renewable Energy Growers Ltd, York, UK, and were approximately 2 ‐ 4 cm in diameter and 20 cm
in length. Thermocouples were placed in the centre of the billets (T1) and attached at the surface
(T2). The temperature difference between the centre and surface was then measure during
treatment. A thermocouple was also placed near to the billet to monitor the gas temperature (T3).
The billets were then sliced through their cross section and FTIR microscopy was used to
determine any difference through the profiles of the billets. The results of this study were used as
a discussion point regarding the maximum particle size suitable for thermal pre‐treatment using
the conditions investigated in the project.

2.2.

Feedstock Fuels

The project has investigated the thermal treatment of willow and Miscanthus; two of the most
common solid biomass fuels being produced and used in power stations across the UK. The fuels
for the project were supplied by Rothamsted Research, Harpenden, UK.
Typical grading specifications for wood chip fuel particle sizes and their particle size distribution
that fuel suppliers adhere to are illustrated in Table 2 [6].
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Designation
G30
G50
G100
G120
G150

2.3.

University of Leeds

Wood chip size classification
Maximum % Particle Size
<4
<20
60‐100
<1mm
1 – 3mm
3 – 16mm
<1mm
1 – 6mm
6 – 32mm
<1mm
1 – 11mm
11 – 63mm
<1mm
1 – 63mm
63 – 100mm
<1mm
1 – 100mm 100 – 130mm

<20
>16mm
>32mm
>63mm
>100mm
>130mm

Maximum Extremes
Area cm2
Length cm
3
8.5
5
12
10
25
12
30
15
40

Feedstock Analysis

The feedstock fuels (combined particle sizes) were analysed using standard fuel tests: proximate,
ultimate and calorific value (calculated from CHN contents). The proximate analysis were
conducted according to the methods laid out in standards CEN/TS 14775:2004 (moisture), CEN/TS
14774‐1‐3:2004 (volatiles) and CEN/TS 15148:2005 (ash), whilst the ultimate analysis was
performed using a CE Instruments Flash EA 1112 Series elemental analyzer. The fuels were ground
using a Retsch cutting mill to reduce the particle size of the test sample to <1mm in accordance
with the test requirements.
The calorific value was calculated from a formula derived by Prandl et al [7]:
HHV = 3.55C2 − 232C − 2230H + 51.2C × H + 131N + 20,600

(4)

The model gives a standard error of calibration of 337 kJ kg‐1 and a R2 of 0.943 based on analysing
a number of biomass fuels.
In addition, the fuels were also analysed for metal content using inductively coupled plasma
optical emission spectrometry (ICP‐OES).
This data provides background data with which to measure the degree of conversion of the fuels,
and is presented in Section 3.1.

2.4.

Thermally‐Treated Fuel Characterisation

Standard fuel analyses of the thermally pre‐treated fuels were performed as described in Section
2.3 for the feedstock fuels. The high C content of the thermally pre‐treated fuels possibly lead to
inaccuracies in using this correlation (4) and therefore calorific values of a number of the thermally
pre‐treated fuels were determined using Bomb Calorimetric analysis to validate the calculated
values.
In addition to this characterisation, the physical properties of the fuels were also determined using
a milling test (see Section 2.5) and the surface areas of the fuels were determined using the BET
method. A small study of char combustion and NO production was conducted (with reactivities
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and NO/N conversion calculated), and the fuels examined using microscopy. These tests are
described in more detail below.

2.5.

Solid Fuel Grinding

The examination of the grindability of the fuels was one of the main focal points of the project.
Therefore the subject of communition of solid fuels was thoroughly researched. A summary of this
research has been outlined below, and an introduction into three main coal grindability tests can
be found in the proceeding Section 2.6. This information was then used to design a grindability
assessment for the project, which is discussed in Section 2.7.
The milling of coal for pulverised fuel boilers is a matter of significant importance. The particle size
distribution affects important parameters such as the combustion efficiency, the amount of
carbon in the unburnt ash, and the stability of combustion. In addition the operational efficiency
of the pulverising unit is critical to the successful reduction of NOx emissions in boilers retrofitted
with low NOx burners.
A pulveriser system refers to the drying, grinding, classification (sizing) and transportation of the
fuel to the burner. Each of these stages is influenced by the physical properties of the fuel, which
are in turn dependable on the composition of the fuels. These properties can limit mill throughput
and therefore the boiler loading [8].
There are three main methods of reducing the size of coal particles. These are described below [9].
i)
Crushing
This process typically uses rollers and a table or a ball race. A common design is the vertical spindle
mill, one example being a Raymond roller mill. This process requires a maximum feed size,
dependant on the dimensions of the mill, and therefore samples must be pre‐prepared. Large
particles will be pushed along rather than rolled over and broken. However, small particles can
also reduce efficiencies due a cushioning effect from increased surface area, and an elimination of
coal flaw lines present in large particles. This problem is reduced by purging coal mills with air
which entrains the smallest particles. This air is usually pre‐heated and can dry coal to a moisture
content of less than 5 %. Other advantages of these mills are their compactness and low noise.
However, they are susceptible to wear and tear, have a low turndown ratio and are intolerant of
feed contaminants.
ii)
Impact
Impaction occurs by crushing coal particles between two surfaces that are suddenly brought
together. For large scale applications this is typically a tumbling ball mill, and involves a rotating
cylinder containing a number of grinding balls. The rotation of the cylinder lifts the balls, they then
fall onto and crush the coal in the bottom of the cylinder. The advantages of this system is that it
can handle both dry and wet materials, although dry material requires a similar purge of air to
vertical spindle mills to prevent the build up of fines. Additionally, impact grinders can handle
larger feed sizes, and feed contamination is less problematic – contaminants can actually assist
with the grinding process. Ball mills are also more resistant to wear, have a higher turndown ratio
and ‘greater availability as a result of the inherent mechanical simplicity’.
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iii)
Attrition
Attrition mills use the principle of impact fracture, operating at higher particle to surface velocities.
They are more susceptible to wear than other types of mill and are more suited to softer materials
(i.e. coals with high HGI). The typical design is of a rotating blade or hammer. A more recent
innovation are ‘fluid energy mills’, which – it is claimed – have the capability of generating very
fine product particle sizes for lower energy costs of alternatives.

2.6.

Grinding Tests

Three pulverisation tests are discussed below.
2.6.1
Hardgrove Grindability Index (HGI)
The most common grindability test is Hardgrove Grindability Index (HGI), which is used to predict
the capacity, performance and energy requirement of the mill as well as the typical particle size
distribution after milling. It has become the most important commercially and is used in coal
contract specification.
The test involves grinding 50 g of air dried coal with a fixed particle size distribution between 600
µm and 1.18 mm for 60 revolutions in a purpose built Hardgrove grindability machine. The
proportion of sample then passing through a 75 µm sieve is then measured. Firstly, a calibration
curve is plotted using four standard references samples of known HGI values. Once this is obtained,
the proportion of the sample material passing through a 75 µm sieve is measured and plotted on
the calibration curve, from which the HGI is determined.
As a general rule of thumb, higher HGI values mean that the fuel is easier to grind, requiring low
power inputs and giving higher throughputs of fuel in the mill and through to the boiler.
Advantages of the HGI test are that:
• It has been standardised
• Is repeatable
• Is objective and relatively simple
The drawbacks are:
• It uses relatively expensive specialised equipment
• It can take a few hours to obtain results
• It is a non‐linear measurement (the difference between HGI values of 40 and 50 are
large whereas there is negligible difference between 90 and 100.)
• It is only applicable to higher rank coals. It can be used on low rank coals, but
repeatability and reproducibility may be affected. (A main reason for this is difference
in moisture content – MC >10% can result in unreliable results)
• It is generally not possible to test blends unless two coals of similar petrography with
similar HGI values are used
• Coals with similar HGI values may not perform identically in practice. It can be
insensitive to changes in fundamental coal properties that affect grinding behaviour.
• It is conducted on a size fraction that may be unrepresentative of the original coal
sample.
10
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It uses an air dried sample. In normal power plant practice the coal is moist and the
pulveriser is also employed to dry the coal.
It is a batch process, whereas commercial mills work continuously with oversize recycle
The material from the HGI test is coarse in comparison with modern pulverised coal
It is not applicable to very slow speed mills which use rollers to grind coals in a single
pass operation, typically used for pressurised fluidised bed combustors rather than the
PF power plants.

In addition, moisture content can significantly affect the result of HGI testing. It can cause
irregularities in sieving stages and drier samples may produce higher HGI values. The sieving out of
particles below 600 µm can also remove smaller harder particles, e.g. mineral matter or different
maceral components, which when present could alter the industrial mill performance.
2.6.2
Bond work index
The bond mill test involves grinding 700 cm3 samples in a horizontal cylinder containing 285 balls
for 100 times at 70 rpm. The test removes particles under 75 µm and then adds oversized particles
to fresh feed stock back to a total volume of 700 cm3. An estimate is made for the number of
revolutions required to produce 28.6 % of the ground sample below 75 µm and 71.4 % (250% of
28.6) oversize. The iterative process continues until a constant undersized mass is obtained per
revolution. This value is defined as the grindability, G. The specific energy, Wi, of commercial mills
can be calculated from this equation using a correlation equation.
The bond work index test is most relevant for ball mills, typically used for bituminous coals. It has
an advantage over the HGI test in that it is a semi‐batch test that recycles the oversize sample, and
models continuous grinding in a horizontal ball mill more accurately. There are approximate
correlations for the HGI to the bond work index. However, the bond work index suffers from many
of the problems that affect the HGI too. The duration of the test and the more complicated
method mean that the HGI has received more universal acceptance than the Bond Work Index.
2.6.3
TU Clausthal grindability test
The TU Clausthal grindability test determines the specific energy for grinding (Em, kWh/t) and the
particle size distribution of the ground product, as well as the recirculation factor (km kg (ground
coal)/kg (coal)) which provides information on the mill load. The test is performed by grinding the
coal through a roller mill (one roller), screening and removing any sample < 100 µm, recycling the
coarse feed with fresh produce and continuing until a steady state is reached. Despite this test
being reproducible and repeatable, the apparatus is expensive and not commercially available.

2.7.

Development of Grinding Test

The HGI would seem the most feasible of these three tests within the constraints of the project.
However, it is unlikely that this test as described in the British Institute Standard [10] will be
suitable for torrefied fuels as the test requires 50g of fixed size graded sample obtained from an
initial amount of 1 kg. The rig batch processes about 50‐100g of biomass per run. In addition, the
low density of biomass means that 50 g of sample is likely to be too voluminous for the Hardgrove
grindability machine. Finally, the test is described as suitable for hard coals defined as that which
has a calorific value greater than 24 MJ kg‐1 on a dry ash‐free basis.
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Other limitations associated with the test are mentioned above. Nevertheless, it has seen
widespread usage and is the general universal test used in the coal industry. Therefore, a similar
more suitable test has been proposed and is described below.
2.7.1
Thermal Pre‐treated Fuel Grindability Index:
In the standard method the volumes of biomass and coal differ significantly yet would receive the
same amount of grinding energy in the mill. As pointed out by Joshi [11] and Agus and Waters [12],
this favours dense coals with smaller volume and therefore is unsatisfactory for making direct
comparisons between the two fuels. To correct this situation and to bring evenness in grindability
ratings of biomass and coals, the grindability has been determined by using the same fixed volume
(50 cm3) for each coal and biomass sample as opposed to a fixed mass (50 g), as suggested by Joshi
and Agus and Waters.
The grinding of the fuels was conducted using a Retsch PM100 ball mill. Testing of the mill was
conducted using test fuels comprising of coal, biomass and thermally pre‐treated biomass. A
number of trials were undertaken in order to determine the optimum operating conditions for
torrefied biomass. The mill was then calibrated with coal in order to allow a comparison between
the fuels to be made. The results from this testing led to the following procedure being
developed:
Calibration of Mill
1. Approximately 1kg of a standard reference coal with known HGI is ground using a Retsch
cutting mill SM 100, using a 4 mm screen.
2. The sample is then sieved using 1.18 mm and 600 µm size sieves.
3. 50 cm3 of each sample is then measured out and weighed using a measuring cylinder with an
accuracy of ±0.1 cm3 and a balance accurate to ±0.1mg.
4. The 50 cm3 sample is then placed into a 250 ml capacity stainless steel milling cup with 15 ×
20mm stainless steel balls and ground for 2 minutes at 165 rpm.
5. The sample is then removed from the grinding cup and separated using a 75 µm sieve and a
sieve shaker (5 mins). The two separate fractions are weighed to the nearest 0.01 g. If there
is a loss of sample greater than 0.5 g the test is aborted and repeated.
6. The mass in grams passing through the 75 µm sieve is calculated using:
m = mv – m1
where mv = mass of 50 cm3 of sample
m1 = mass of sample collected on 75 µm sieve.

(2)

7. The process is repeated three more times and an average value from the four results
calculated.
8. The process is repeated for the three other coals. (For this project four coals of HGI values of
35, 49, 66 and 92 were used.)
9. The results are used to plot a calibration curve for the mill of HGI versus m.
Testing of biomass fuel
1. Steps 1‐6 above are repeated for all feedstocks and thermally pre‐treated fuels, with results
produced in duplicate.
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2. The results are then plotted on the calibration curve and a HGI value is assigned to the
biomass fuels.

2.7.2
Particle Size Distribution Profiles
To provide a more thorough assessment of the grindability behaviour of the thermally pre‐treated
fuel in comparison to coal, a particle size distribution of the ground fuels was also conducted. This
involved the same grinding process described in steps 1 to 4 above but subsequent to this process,
the fuels were sieve with a series of sieves of mesh sizes 600, 355, 212, 150, 75 and 53 µm. The
mass of each sample collected on each sieve was measured and recorded as a percentage of the
original sample mass. A plot of the particle size distribution of each ground sample was made
using an average particle size of the sample collected on each sieve as the midpoint between two
consecutive sieve sizes (e.g. the mid point value/average particle size of sample collected on the
355μm sieve was assumed to be 477.5 µm). The particle sizes of thermally treated biomass were
plotted alongside those of the four HGI standard reference coals to compare their behaviour.

2.8.

Scanning electron microscopy (SEM) Images

Images of the fuels were taken using a scanning electron microscope (SEM) to establish any visual
changes in the particle morphology as a result of thermal treatment. A particle size fraction of 600‐
355μm was used for each sample.

2.9.

Char Reactivity

A small combustion study of the high temperature chars produced from the feedstock and
thermally pre‐treated fuels was conducted. This study included calculations of nitrogen
partitioning, NO/N conversion and char reactivities.
2.9.1
Char Production
The char reactivity investigations focused on willow fuels (no nitrogen was detected in any of the
Miscanthus fuels, see Table 10): the two different particle sizes of the untreated fuels and willow A
and willow D. These fuels were all ground to <90 um using a freezer mill. Chars of the fuels were
prepared using a CDS 2000 Pyroprobe. The pyroprobe was inserted into a CDS 1500 interface,
which was operated at a temperature of 250 °C. A flow of helium was fed into the interface to
provide an inert atmosphere. For each run, a total of approximately 10‐15mg of sample was
placed into a quartz tube and held in position using quartz wool plugs. After insertion into the
interface, a period of time was allowed to pass in order to purge any air from the chamber. The
sample was then subjected to a heating rate of 10000 °C s‐1 and held at 1000 °C for 30 seconds.
Once cooled, the chars were collected. The initial and final masses of 10 runs of each sample were
recorded in order to determine the char yields. These results were used in conjunction with the
moisture and ash data to produce high temperature char and volatile yields on a dry, ash‐free
basis for each size fraction.
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2.9.2
Nitrogen Partitioning
Ultimate analysis of the willow chars where conducted and were used together with the char yield
data and previous CHN analysis from the fuels to calculate nitrogen partitioning in the chars.
2.9.3
Char Reactivities and NO/N conversion
The chars were subjected to combustion tests using TGA‐MS. The chars were heated at 10 °C min‐1
to 600°C in a helium/oxygen atmosphere comprising 21% oxygen. Mass loss data, differential mass
loss data and mass spectrometry data of the evolved gases were collected. The mass loss data was
used to determine the reactivities of the char, whilst the species evolution curves where used to
calculate the NO/N conversions.

2.10.

Fourier Transform Infrared (FTIR)‐Microscopy

FTIR microscopy of the cross section of large willow billets that were thermally pre‐treated was
conducted in order to determine the degree of conversion through large particle sizes. (The
preparation of billets is discussed more in Section 2.1.4.) Infrared microscopy is a technique that
uses focal plane array detection for infrared chemical imaging. In this case, it was used to analysis
the responses at different wavenumbers in order to assess changes in functional groups present in
the biomass polymers. The hypothesis was that reflectance measurements at different points in
the cross section of the billets would reveal changes in the samples’ chemical structure between
the surface and the core of the billets, and correlate with different degrees of conversion. The
results and the suitability of the technique are discussed more in Section 3.6.

14

BCURA Project B92

3.

RESULTS AND DISCUSSION

3.1.

Feedstock Fuel Analysis

University of Leeds

The feedstock fuels were initially characterised using proximate and ultimate analysis and metals
content. These are reported below. In further analysis and after treatment (Section 3.2 and 3.5),
the fuels were separated into different particle sizes and these tests were repeated. Some
difference may be noted in moisture contents owing to changes during storage over the duration
of the project.
3.1.1
Proximate Analysis
A representative sample of the raw fuel was analysed to determine the proximate and ultimate
analysis. The proximate analysis of the raw biomass fuels is given in Table 3, and shows both raw
fuels have similar compositions. The samples were oven dried at 70 °C for 72 hours after
harvesting. Typical moisture contents of freshly harvested willow and Miscanthus would be 30 to
50% and 15 to 30% respectively.
Table 3
Sample
Willow
Miscanthus

Proximate Analysis of feedstock fuels (as received %wt)
Moisture
Volatile
Fixed Carbon %
Content %
Content %
9.8
76.0
13.2
8.9
76.4
13.5

Ash Content %
1.0
1.2

3.1.2
Ultimate Analysis
The ultimate analysis of the raw fuels is shown in Table 4, and once more illustrates similarities
between the two fuels. The analyser was unable to detect nitrogen in Miscanthus or sulphur
content in either energy crop (detection limit is 0.2 wt%).

Table 4

Ultimate Analysis of feedstock fuels for project (as received %wt)
Component %wt

Willow

C
44.8
H
6.5
N
0.4
O*
37.5
S
n.d.
Ash
1.0
Moisture
9.8
#
‐1
CV (kJ kg )
17800
* ‐ by difference
#
‐ calculated value using equation (4)
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Miscanthus
44.4
6.4
n.d.
39.2
n.d.
1.2
8.8
17600
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3.1.3
Metal Analysis
The main metals detected by ICP‐OES analysis are shown in Table 5. The inorganic composition
was typical of such fuels. Both fuels had a similar composition with the main difference being the
calcium content, which was over twice as high in Miscanthus than in willow.

Table 5

3.1.4

Metal contents of the feedstock fuels from ICP‐OES on a dry basis (ppm)
Element
Willow
Miscanthus
Al
13
0
B
1
9
Ba
5
5
Ca
1220
3098
Cr
0
1
Cu
8
4
Fe
39
47
K
2705
2367
Mg
254
449
Mn
69
8
Na
304
142
Sr
2
8
Tl
3
7
Zn
62
76

Lignocellulose Composition

The typical lignocellulose compositions of the two fuels are given in Table 6. Hardwoods such as
willow typically have higher lignin and cellulose contents than herbaceous crops, such as
Miscanthus. Herbaceous crops generally have higher hemicellulose contents. This can lead to
different behaviour during thermal treatment.
Table 6
Sample
Willow
Miscanthus

Lignocellulose composition of biomass fuels (wt% dry basis) [13]
Lignin

Cellulose

Hemicellulose

19.6
8.2

48.5
38.5

13.9
26.2
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Thermal Pre‐treatment Experiments

3.2.1
Visual Changes
Some images of raw and treated willow are shown in Figure 7. These are fuels produced during
the preliminary trials of the rig and were conducted using 10‐20 mm size particles. Generally, fuels
treated at higher temperatures darker in colouration. However, it should be noted that using
residence times of several hours will also produce dark fuels with colouration similar to fuels pre‐
treated at higher temperatures but with short residence times [14]. However, within the range of
residence times used in this project – those deemed to be the most economically viable – the
increased darkening in colour is primarily an indication of the treatment temperature.
Figures 8 and 9 show images of the fuels produced at all four conditions of the multifactorial
method. The fuels are shown starting from untreated to torrefied in the order of increasing
severity of thermal treatment conditions.

a) Untreated willow chips

b) Willow chips treated at 250 °C

c) Willow chips treated at 270 °C

d) Willow chips treated at 290 °C

Figure 7

Images of untreated and thermally treated willow chips (10‐20mm)
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b)

a)

Figure 8

a)

c)

e)

Images of a) untreated willow; b) willow C; c) willow B; d) willow A; e) willow D.

b)

Figure 9

d)

d)

c)

e)

Images of a) untreated Miscanthus; b) Miscanthus C; c) Miscanthus B; d)
Miscanthus A; e) Miscanthus D.

3.2.2
Mass yields
The mass yields of the thermally pre‐treated fuels from the test matrix experiments (Section 2.1.3)
are shown in Table 7. Miscanthus mass yields were lower than those of willow, and this effect is
increased at higher temperature treatment. The main reason for the difference between the two
fuels is believed to be primarily due to differences in the hemicellulose content [15] (shown in
Table 6).
Table 7
Sample
A

Mass yield and percentage increase in carbon content results (dry basis)
Mass yield (%)
T (°C)
t (min)
P (mm)
Willow
Miscanthus
290
10
Small
81.6
75.7

B

240

60

Small

89.5

87.2

C

240

10

Large

97.7

96.9

D

290

60

Large

66.9

60.3

The multifactorial method calculations for mass yields are shown in Table 8 and demonstrate the
different influence of the three parameters. The order of significance of the parameters was found
to be:
Temperature > Reaction time > Particle size
The difference between the high temperature and low temperature mass loss averages was
19.4 % and 24.0 % for willow and Miscanthus respectively. Varying the residence time between
short and long caused average mass losses of approximately half that seen for temperature.
Although less significant, residence time is still an important parameter of the process. Finally, the
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average mass loss difference between large and small particles was 3.2 % and 2.9 % for willow and
Miscanthus. Although there is a small difference, close to the errors of the measurement, it
suggests that larger particles undergo greater mass loss.
Table 8

Multifactorial method results of weight losses of both feedstocks after thermal
pre‐treatment experiments
Mass yield (%)
Willow
Miscanthus
High T average
74.3
68.0
High t average

78.2

73.8

High P average

82.3

78.6

Low T average

93.6

92.1

Low t average

89.7

86.3

Low P average

85.6

81.5

ΔT

‐19.4

‐24.0

Δt

‐11.4

‐12.5

ΔP

‐3.2

‐2.9

3.2.3
Proximate Analysis
Proximate analysis results are given in Table 9. The trend was of decreasing volatile content and
increasing fixed carbon content as the temperature and residence time of the process increases.
The moisture contents of the thermally treated fuels suggest that some moisture is reabsorbed
during storage. This re‐absorption appears to be unrelated to the temperature at which the fuels
were treated.
Table 9

Proximate analysis of feedstock and thermal pre‐treated fuels (as received)
Moisture
Volatile
Fixed
Ash
Content %
Content %
Carbon %
Content %
Willow <10mm
8.9
74.5
14.8
1.8
Willow >20mm
8.9
74.1
15.5
1.5
Willow A
2.2
72.4
23.3
2.1
Willow B
2.1
75.8
20.6
1.5
Willow C
2.8
81.4
14.6
1.2
Willow D
2.1
66.9
29.2
1.8
Miscanthus <4mm
7.4
78.4
12.9
1.3
Miscanthus >10mm
7.0
77.8
14.0
1.2
Miscanthus A
2.2
63.8
32.6
1.4
Miscanthus B
2.3
76.4
20.0
1.3
Miscanthus C
2.5
81.3
15.0
1.2
Miscanthus D
2.6
60.0
35.5
1.9
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3.2.4
Ultimate Analysis and HHV
Elemental analysis of the pre‐treated fuels (Table 10) demonstrated the effect of thermal
treatment on increasing the carbon content and decreasing the oxygen content. One result of this
is an increase in energy content of the fuels. Table 10 shows the calculated HHV values for all the
fuels. The pre‐treated fuels with carbon contents greater that 50.5 % on a dry basis were
measured – the upper limited of the fuels tested by Friedl et al [7]. The measured results were
comparable with those calculated with the differences ranging from 300 – 700 kJ kg‐1. (Although
the biggest difference between the measured and calculated results was for the torrefied
Miscanthus with the highest carbon content, the differences did generally not increase for higher
carbon contents.)
The ultimate analysis shows that thermal pre‐treatment caused a small reduction in hydrogen
content. Nitrogen was undetected in the Miscanthus samples, but the willow results suggest that
thermal pre‐treatment causes a slight increase in the nitrogen content of the fuels.
Focusing on the carbon content, Table 11 shows the multifactorial method calculations for
percentage increase in the carbon content. The same trend for the three parameters observed for
mass yields was seen for these results. However, residence time appears to play a more significant
role in this instance. For willow, there was a negligible difference between large and small particle
size averages. However, for Miscanthus particle size results appeared much more significant. The
reason for this was unclear, but it is suggested that further work is need to investigate this
anomaly.

Table 10

Ultimate analysis of feedstock and thermal pre‐treated fuels
C
H
N
S
O*
HHV kJ kg‐1 (dry)
Mass % (daf)
calculated
measured
Willow <10mm
19000
‐
48.6
6.4
0.58
n.d.
44.4
n.d.
Willow >20mm
19300
‐
49.3
6.3
0.58
43.8
n.d.
Willow A
22400
21800
56.5
6.2
0.83
36.5
n.d.
Willow B
21400
21000
54.3
6.0
0.76
38.9
n.d.
Willow C
20500
‐
51.9
6.3
0.36
41.4
n.d.
Willow D
23900
23600
60.3
5.8
0.52
33.4
n.d.
Miscanthus <4mm
19300
‐
49.3
6.4
0.00
44.3
n.d.
Miscanthus >10mm
18900
‐
48.5
5.9
0.00
45.6
n.d.
Miscanthus A
21900
21600
55.8
5.8
0.00
38.4
n.d.
Miscanthus B
21100
20600
53.7
6.0
0.00
40.3
n.d.
Miscanthus C
19800
‐
50.6
6.0
0.00
43.4
Miscanthus D
25200
24500
63.4
5.7
0.00
n.d.
30.9
* ‐ calculated by difference
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Multifactorial method results of the increase in carbon content of thermally pre‐
treated fuels
Increase in %Carbon
Willow
Miscanthus
High T average
13.7
16.4
High t average

12.0

14.3

High P average

8.8

12.5

Low T average

3.2

1.8

Low t average

4.9

3.8

Low P average

8.0

5.6

ΔT

10.5

14.6

Δt

7.1

10.4

ΔP

0.8

6.9

The ultimate analysis results were used to plot the atomic ratios of oxygen to carbon and
hydrogen to carbon on a Van Krevelen plot, alongside a number of other solid fuels including
various coals and charcoal. This plot is shown in Figure 10. The diagram shows the influence of
thermal pre‐treatment conditions on the properties of biomass, shifting them away from biomass
and towards coal. The willow and Miscanthus fuels produced from the high temperature and long
residence time conditions had properties comparable to lignite.
1.8
Untreated willow
willow C
(240 °C; 10mins)
willowB
(240 °C; 60mins)
Untreated
Miscanthus
willow A
(290 °C; 10mins)
Miscanthus C
willow D
(240 °C; 10mins)
(290 °C; 60mins)
Miscanthus B
(240 °C; 60mins)

1.6

Atomic H : C Ratio

1.4
1.2
1

Miscanthus D
(290 °C; 60mins)

Bituminous
Coal

0.8
0.6

Miscanthus A
(290 °C; 10mins)

Lignite

Charcoal

0.4

Anthracite

0.2
0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Willow <10mm
Willow >20mm
Willow A
Willow B
Willow C
Willow D
Miscanthus <4mm
Miscanthus >10
Miscanthus A
Miscanthus B
Miscanthus C
Miscanthus D
Lignite
Bituminous Coal
Anthracite
Charcoal

0.8

Atomic O : C Ratio

Figure 10

Van Krevelen Diagram showing properties of feedstock and thermally pre‐treated
fuels alongside a selection of other solid fuels

21

BCURA Project B92

University of Leeds

3.2.5
Energy Yields
The energy yields are calculated from the mass yields on a dry basis, as described by Bergman et al
[16], and shown in the calculations below:
Mass Yield:
Energy Yield:

mtreated
× 100
mraw
HHVtreated
ηE = ηm ×
× 100
HHVraw

ηm =

(5)
(6)

The energy yields calculated for the fuels produced from willow and Miscanthus are shown in
Table 12.
Table 12

Energy yields of thermally treated fuels (%, as defined in equation (6))
Treatment
Willow
Miscanthus
A
89.9
81.0
B
95.0
89.9
C
96.8
96.4
D
77.6
76.0

The willow energy yields were generally higher than those of Miscanthus owing to a smaller mass
loss of the fuel during treatment. As has been explained previously (Section 3.1.4), this lower mass
loss is due to different hemicellulose and cellulose contents, and these results suggest that fuels
with lower hemicellulose content and higher cellulose contents will obtain higher energy yields
after thermal pre‐treatment.
3.2.6
BET Surface Areas and Bulk Densities
The results from total surface areas measured by the BET method are shown in Table 13. Despite
the willow and Miscanthus having similar compositions, the total measured surface area of willow
was approximately twice that of Miscanthus. For the willow fuels, thermal pre‐treatment
appeared to increase the surface area of the fuels, with this affect increasing for long residence
times and high temperatures. However, for Miscanthus this trend was less clear possibly due to
the low surface areas and degree of error in the analysis. On repeated analysis the errors were
found to be ±12%.
Table 13

BET Total Surface Areas of feedstock and thermal treated fuels for size fraction of
1.18 ‐ 0.60 mm
Willow
Miscanthus
Run No.
T (°C)
t (min) P (mm)
2 ‐1
(m g )
(m2 g‐1)
‐

untreated

‐

‐

1.47 ± 0.18

0.71 ± 0.09

A

290

10

Small

2.07 ± 0.25

0.65 ± 0.08

B

240

60

Small

1.52 ± 0.18

0.58 ± 0.07

C

240

10

Large

1.83 ± 0.22

0.55 ± 0.07

D

290

60

Large

1.94 ± 0.23

0.87 ± 0.10
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Bulk densities of the fuels are shown in Table 14. There are relatively large errors associated with
this method but the results from willow illustrate the general trend that torrefaction reduces the
density of fuels as the volume of a particle remains approximately constant whilst it experiences
mass loss. Therefore the severity of treatment will also determine the change in density of the fuel.
The results from Miscanthus are less clear, but the results might be affected by the different
nature of the two particle sizes investigated.

Table 14

Bulk densities of untreated and torrefied willow and Miscanthus fuels of particle
size 600 – 1180 µm
Willow
Miscanthus
Run No.
T (°C)
t (min) P (mm)
‐3
(kg m )
(kg m‐3)
‐

untreated

‐

‐

218

176

A

290

10

Small

169

166

B

240

60

Small

166

164

C

240

10

Large

182

174

D

290

60

Large

170

203
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Grindability Tests

Amount of sample passing through 75
micron sieve (%)

3.3.1
HGI Fuel Comparisons
The four HGI standard reference coals were successfully ground in the mill using the conditions
established in Section 2.7. The calibration graph for the four coals of HGI values of 35, 49, 66 and
92 is shown in Figure 11. The R2 value for the correlation was 0.97, based on new operating
conditions.
20
y = 0.1575x + 0.9856
2
R = 0.9665

16

12

8

4

0
0

20

40

60

80

100

HGI
Figure 11

Calibration curve from four standard reference coals of HGI 32, 49, 66 and 92 for a
Retsch PM100 ball mill

This graph was used to calculate and assign equivalent HGI values for the m values obtained from
the grinding of feedstocks and thermally pre‐treated fuels, using equation (7):
HGIequiv =

(m - 0.9856)
0.1575

(7)

These results are shown in Table 15. It can be seen that the untreated feedstocks behaved very
poorly in these grinding conditions, and for a low temperature and short residence time treatment
the fuels showed no change in this behaviour. After a longer residence time at 240 °C there was
some change in the grindability of the fuels, but it is only after treatment at 290 °C that
noteworthy changes occurred. A combination of long residence time and high temperature was
required to produce thermally pre‐treated fuels with similar grinding properties to the reference
coals. Willow D was found to have an equivalent HGI value of 51, whilst Miscanthus D was
measured as having an equivalent HGI value of 79.
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Run No.

University of Leeds

Calculated theoretical HGI values of biomass fuels (from calibration curve)
willow
Miscanthus
T (°C)
t (min)
P (mm)
m (%)†
HGIequiv
m (%)
HGIequiv

‐

untreated

‐

‐

0.5

0

0.1

0

A

290

10

Small

4.7

24

5.1

26

B

240

60

Small

2.6

10

2.8

11

C

240

10

Large

1.0

0

1.2

1

D

290

60

Large

9.1*

51*

13.4*

79*

m = mass passing through a 75 μm sieve as described in equation (2)
* ‐ single result, not duplicated

†

Table 16 shows the multifactorial calculations of the measured grindability index. The influence of
the different parameters again followed the order observed for mass loss and the carbon content
changes with temperature being the most significant, followed by residence time and then particle
size. However, it was once again observed that whilst different particle sizes in the willow
feedstock had a minimal impact, the different particle sizes investigated for Miscanthus had a
significant variance in their grindability behaviour.
Finally, the relationship between the mass loss and grindability was investigated and the graph of
correlation is shown in Figure 12. The two fuels showed a similar trend but Miscanthus, which
experienced greater mass loss and was found to have generally higher HGI values, had a greater
span.

Table 16

Multifactorial method results of grindability index results of both feedstocks after
thermal pre‐treatment experiments
Grindability Index
Willow
Miscanthus
High T average
38
53
High t average

31

45

High P average

26

40

Low T average

5

6

Low t average

12

14

Low P average

17

19

ΔT

32

47

Δt

19

32

ΔP

9

22
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90
80
70

HGIequiv

60
50
40
30
20

Miscanthus
Willow

10
0
0.0

10.0

20.0

30.0

40.0

50.0

Mass loss (dry weight%)
Figure 12

Correlation between mass loss and grindability behaviour

Whilst this method appears to be successful in determining the changes in grindability of the fuels
after pre‐treatment, it is also has some limitations. Firstly, it would appear simplistic to conclude
that willow treated at 290 °C for 60 mins takes on physical properties of a hard coal with a low HGI.
Furthermore, the standard HGI test requires that the majority of the sample to be tested be in the
1.18mm – 600μm particle size range. However, for some of the pre‐treated biomass the amount
of sample in this size range was less than 50% as most was ground to <600 µm in the preliminary
milling. For the Miscanthus and willow produced at high temperatures and long residence times,
the brittle nature of the biomass meant that there was only enough sample remaining in this size
range for one test. Therefore the result may not represent the entire sample, and may
underestimate the grindability of these fuels.
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3.3.2
Particle size distribution
The particle size distribution of the entire sample was assessed to gather further information of
the behaviour of the fuels. The coals were first analysed to provide data on the particle size
distribution of standard reference coals of known HGI values. This data is presented in Figure 13
and showed that finer gradings are obtained with the softer coals.
100
90
80

Sample Mass %

70
60
50
40
30

Coal HGI 32
Coal HGI 49
Coal HGI 66
Coal HGI 92

20
10
0
0

Figure 13

100

200

300

400
500
Particle Size (μm)

600

700

800

Particle size distribution curves for four standard reference coals of HGI 32, 49, 66
and 92

The particle size distributions of the four different willow tests together with the four HGI coals
are provided in Figure 14. It can be observed that although willow treated at high temperature
and for long residence times became progressively easier to grind to smaller particle sizes, the
particle size distribution profiles were different to those of coals ground under the same
conditions. For example, although a similar proportion of the willow A sample passed through 75
µm as a coal with an HGI value of 35, the remainder of the sample had a higher proportion of large
particles. The exception is willow D that was calculated as having an equivalent HGI of 51, and
appeared to have a particle size distribution profile that generally fitted between coals with an HGI
value of 49 and 66.
Figure 15 shows the same plot for the untreated and thermally treated Miscanthus. The untreated
Miscanthus profile illustrated how only a fraction of the sample was reduced in particle size.
However, the four thermally pre‐treated fuels all showed a significant change in particle size
distribution profiles, even at the lowest conditions investigated. Furthermore, all of these profiles
were similar to those of the four coals. The particle size distribution of ground Miscanthus A with a
calculated HGI value of 26, had a similar profile to coal with an HGI of 35, and Miscanthus D with a
calculated HGI value of 79 had a comparable profile to the coals with HGI values of 66 and 92.
Therefore under the same processing conditions as willow, Miscanthus should be easier to grind.
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One practical use of the HGI is as a prediction for the particle size distribution of different coals.
The results show that it is not suitable to make this correlation for willow fuels. However, the
results suggest that this prediction may be more reliable for Miscanthus.
100
90
80

Sample Mass %

70
60

Coal HGI 92
Coal HGI 66
Coal HGI 49
Coal HGI 32
willow raw
willow A
willow B
willow C
willow D

50
40
30
20
10
0
0

Figure 14
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Particle Size (μm)
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700

800

Particle size distribution curves for untreated and torrefied willow alongside four
standard reference coals of HGI 32, 49, 66 and 92

100
90
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Sample Mass %
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Coal HGI 92
Coal HGI 66
Coal HGI 49
Coal HGI 32
miscanthus raw
miscanthus A
miscanthus B
miscanthus C
miscanthus D

50
40
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20
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0
0

Figure 15

100
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400
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Particle Size (μm)
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700

800

Particle size distribution curves for untreated and torrefied Miscanthus alongside
four standard reference coals of HGI 32, 49, 66 and 92
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SEM analysis

A selection of images of ground untreated and thermally pre‐treated willow chips were taken
using SEM analysis, to investigate any changes in particle morphology. The images of untreated
willow, willow C and willow D (the fuels from the least and most severe conditions investigated in
the project) are shown in Figure 16. The images of the untreated fuel (Figure 16a) illustrated the
heterogeneous nature of biomass fuels; a mixture of long needle shaped particles, with jagged
ends and twisted fibres. Low temperature torrefaction started to alter the shapes of the particles
after grinding, as the fuel became more brittle (Figure 16b). At the most severe conditions
investigated the particles of the ground willow became a lot more homogeneous in their
appearance, and shorter and more rounded and without the thin curled fibres that are seen in the
untreated fuel (Figure 16c). It is believed that these changes in the fuel will allow it to flow more
easily in pneumatically fed systems [17].
a)

b)

c)

Figure 16

SEM images of milled willow of size fraction 1.18 mm – 600 µm from top to
bottom a) untreated; b) thermally treated at 240 °C (willow C); c) thermally
treated at 290 °C (willow D)
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Char Reactivity

The ultimate analysis of the fuels and the chars generated using the pyroprobe for these fuels are
shown in Table 17, on a dry ash‐free basis. (The analyses for the fuels are those provided in Table
10 but shown here again in order for comparisons with the chars to be made directly.) The
nitrogen contents from this analysis were used for the nitrogen partitioning calculations. These are
shown in Table 17 and discussed in the following paragraphs.
Table 17

Ultimate analysis of fuels and high temperature high heating rate chars (% daf)
Fuel
C
H
N
O
willow >20mm
48.6
6.4
0.58
44.4
willow <10mm

49.3

6.3

0.58

43.9

Willow A

56.5

6.2

0.83

36.5

Willow D

60.3

5.8

0.52

33.3

Char willow >20mm

84.6

2.3

1.6

11.5

Char willow <10mm

80.9

2.2

1.6

15.2

Char willow A

79.9

2.1

1.3

16.7

Char willow D

80.2

1.9

0.82

17.1

Table 18 shows the high temperature char and volatile yields from char production. The raw fuels
had a slightly lower char yield than results from the fixed carbon measured in the standard test
procedure, also shown in Table 18. This is expected due to higher temperatures and heating rates.
The process of thermal pre‐treatment causes partial devolatilisation of the fuels, and thus
consolidates the fixed carbon in the fuel. Hence thermally pre‐treated fuels had a reduced volatile
content, as the yields of the chars and volatiles shows.
Table 18

High temperature char and volatile yields (% daf)
Char yield
Fuel
/ Fixed Carbon
Willow >20mm
15.3
Willow <10mm
14.8
Willow A
22.5
Willow D
28.6
Willow >20 (standard test)
16.6
Willow <10 (standard test)
17.3

Volatile yield
84.7
85.2
77.5
71.4
83.4
82.7

3.5.1
Reactivity Calculations
The reaction kinetics for the combustion in O2/He of the willow chars were analysed using three
methods appropriate for obtaining the activation energies and pre‐exponential factors using non‐
isothermal experimental data, with pre‐determined heating rates. These three methods have been
discussed and compared in recent literature [18], and are discussed briefly below.
Using a first order reaction and the Arrhenius expression, and assuming a constant oxygen
concentrations, the following expression can be derived
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dα
⎛ E ⎞
= A(1 − α ) exp⎜ −
⎟
dt
⎝ RT ⎠
Where α = 1 −

(8)

m
m0

Integrating this expression with initial limits of α=0 at T=T0, and introducing a new variable x =
E/RT, the right hand side of the equation can be expressed as
ln(1 − α ) = −

∞

A
exp(− E / RT ' )dT '
B ∫x

(9)

∞

A e −ς
AE
− ln(1 − α ) = ∫ 2 dς =
p( x)
Bxς
BR

(10)

The simplest approximation to determine kinetic data is one proposed by Murray and White [19]:

p ( x) ≅

exp(− x)
x2

(11)

Inserting this into equation (6) and taking the logarithm produces

⎡ − ln(1 − α ) ⎤
⎛ AE ⎞ E
ln ⎢
= ln⎜
⎟−
2
⎥
T
⎣
⎦
⎝ BT ⎠ RT

(12)

Using a known heating rate, B, A and E can be determined from the intercept and slope from a
plot of ln[‐ln(1‐ α)/T2] versus 1/T.
Alternatively, Doyle [20] proposed a linear approximation of the logarithm of p(x), where

p ( x) ≅ exp(−1.0518 x − 5.33)

(13)

Substituting this approximation into equation (6), one arrives at the expression

E
⎛ AE ⎞
ln[− ln(1 − α )] = ln⎜
− 5.33
⎟ − 1.0518
RT
⎝ BT ⎠

(14)

Similarly, for a known heating rate, E and A can be obtained from the slope and intercept of linear
regression plots of equation (10).
The final approximation is a non linear regression derived by Senum and Yang [21] and contains a
ratio of two polynomials and is therefore described as rational.
p ( x) ≅

x 4 + 18 x 3 + 86 x 2 + 96 x
x 4 + 20 x 3 + 120 x 2 + 240 x + 120

(15)
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After substituting equation (13) into equation (8) the activation energy and pre‐exponential factor
is obtained by performing a non‐linear regression.
Weber’s investigation [18] found that the Senum and Yang method [21] determined both kinetic
parameters to within 0.5% of the exact values, whereas Murray and White’s approximation [19]
produced errors of 4% in the activation energy calculation and 40% in the pre‐exponential factor.
The Doyle method [20] was found to be unreliable for the calculations.
Figure 17 shows the mass loss profile for the four chars with a heating rate of 10oC/min. This
experimental data was used to calculate the kinetic data for the three methods. This is shown in
Table 19. It can be seen that the peak temperature for combustion occurred later for the chars of
the thermally pre‐treated fuels. This effect increased as the severity of the treatment conditions
increased. Untreated willow had a peak rate of combustion temperature of 467 °C, whilst for
willow D this temperature was 532 °C.
10

120

100

8
DTG (mass%/min)

TGA (mass%)

80
6
60
4
Willow >20

40

Willow <10
2

Willow A

20

Willow D

0

0
200

250

300

350

400

450

500

550

600

Temperature (°C)

Figure 17

Mass loss and differential mass loss of untreated willow and thermally treated
willow chars during combustion

Table 19

Activation energies and pre‐exponential constants obtained for the combustion of
chars of untreated and thermally treated willow chars using different methods
Senum and Yang
Murray and White
Doyle

Fuel

E (kJ mol‐1)

A

E (kJ mol‐1)

A

E (kJ mol‐1)

A

Willow <10mm

88.1±0.4

5680±30

87±3

10700±4300

94

27000

Willow >20mm

84.1±0.4

2590±10

81±3

2400±1000

87

8000

Willow A

81.6±0.4

1310±10

80±3

3200±1300

87

6000

Willow D

83.7±0.4

940±5

81±3

5100±2000

89

4000
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Using the two most reliable methods, the calculated activation energies for the four chars ranged
from 80.0 ‐ 88.1 kJ mol‐1. There was no clear trend in the activation energies for different chars but
the data suggested that the chars of torrefied fuels had slightly lower values than those of the
untreated fuels. The two methods of Senum and Yang [21] and Murray and White [19] obtain
comparable results within the accuracies determined by Weber. Lower pre‐exponential factors
were calculated for the torrefied fuels, and Willow D had the lowest value of all four chars. This
pattern was repeated in the results of the calculations using Doyle’s method. However, this trend
was not found using the working of Murray and White [19].
The kinetic data from the Senum and Yang [21] method was used to calculate the rate coefficient
at a temperature of 1400 °C for comparative purposes. These values are shown below in Table 20.
Both the torrefied fuels had significantly lower rate coefficients than the raw fuels which could be
the result of a number of factors requiring further investigation. Factors affecting char
combustion rates include the presence of catalysts/inhibitors (such as K/P respectively), and char
structure, which is influenced by oxygen content and impacts on surface area.
Table 20

Rate coefficients for combustion of willow and torrefied willow chars at 1400 °C
Fuel
Ea (kJ mol‐1)
A
k (s‐1)
Willow <10
88.1
5680
10.08
Willow >20
84.1
2590
6.13
Willow A
81.6
1310
3.71
Willow D
83.7
940
2.29

3.5.2
Nitrogen Partitioning
Mass spectrometry (MS) data of the evolved gases from the chars during combustion at slow
heating rate was analysed to assess the fates of nitrogen to different compounds. These are
expressed in terms of their ratios to char nitrogen and are given in Table 21 alongside the nitrogen
partitioning calculations for pyroprobe experiments. The evolution profiles of the four main
nitrogen compounds produced during combustion of the chars of untreated and torrefied fuels
are shown in Figure 18.
Calculation of the nitrogen partitioning during high temperature char production showed no
discernable difference between the thermally treated willow fuels and the untreated willow
feedstock fuels. For all four fuels analysed, approximately 40 % of the fuel nitrogen remained in
the char whilst 60 % entered the volatile fraction. The main nitrogen compound detected in the
gas produced from the combustion of the chars was found to be N2, with NO accounting for about
15‐20 % of the fuel nitrogen.
It should be noted that the chars were produced at 1000 °C, yet in typical furnace conditions char
formation will occur at approximately 1400 °C. This could influence both the nitrogen partitioning
and the production of nitrogen compounds from the char and therefore these results should be
seen as indicative but not predictive of fuel behaviour in furnace conditions.
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Nitrogen Partitioning in chars high heating rate pyrolysis (pyroprobe) and
nitrogen compounds produced during char combustion during TGA‐MS (daf)
Willow
Willow
Willow A
Willow D
<10mm
>20mm

N in fuel
N in char
% of fuel N in char
N in volatiles
% of fuel N in vol.
N2/N
HCN/N
NO2/N
NO/N
HCNO/N
Total

Nitrogen
compounds
released
during char
combustion

Figure 18

University of Leeds

0.58
0.25
43
0.33
57

0.58
0.23
40
0.35
60

0.83
0.29
36
0.53
64

0.52
0.24
46
0.28
54

0.52
n.d.
0.09
0.20
n.d.
0.81

0.54
n.d.
0.09
0.15
n.d.
0.78

0.58
0.01
0.11
0.17
n.d.
0.87

0.67
n.d.
0.16
0.17
n.d.
1.00

Evolution profiles of nitrogen compounds from the combustion of untreated
willow char
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Large Particle Treatment

Temperature difference between surface and centre
of billet (°C)

3.6.1
Temperature Profiles
Figure 18 shows the temperature differential profiles between surface and centre temperatures of
two billets of 23, 30 and 36 mm diameters for thermal pre‐treatment process to 290 °C for 10
minutes. The graph shows temperature lags in the centre of the billets for the drying, torrefaction
and cooling stages of the process. As expected, the extent of this lag was greater for larger billets.
During torrefaction the maximum lag of the billet with a 23 mm diameter was 23 °C. For the 30
mm billet the lag was 28 °C, whilst there was a 37 °C lag for the 36 mm billet. During treatment it
was also found that the temperature at the centre of the billet continued to increase after cooling
commenced, and continued for several more minutes. This is indicated by the negative peak in
Figure 18. The cooling lag varied from ‐50 to ‐70 °C and was dependent on billet diameter.
60

23mm Diameter Billet
30mm Diameter Billet
36mm Diameter Billet

40
20
0
‐20
‐40
‐60

Torre‐
faction

Drying
‐80
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Cooling
80

100
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Figure 19

Temperature differences between the surface and the centre of differently sized
billets (thermal treatment conditions are 290°C for 10°C)

The mass losses of the three billets are shown in Table 22. It was found that the smaller billets lost
a similar amount of mass as the willow chips analysed in the multifactorial method (approximately
19 %; Table 7). However, the 30 mm billet lost only 14 % mass and the 36 mm billet just 9 %. This
analysis suggests that the mass loss during treatment is proportional to 1/d. Although this was a
limited investigation, it suggests that the maximum particle size for uniform conversion is
approximately 20‐25 mm diameter.
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Moisture content and mass losses of different willow billets
Diameter of Billet
Moisture Content
Mass yield, dry (%)
(mm)
(%)
23
8.6
80.6
30
8.8
85.9
36
8.1
91.0

The cross sections of the three billets were analysed using FTIR microscopy. The study looked at
two areas of the cross section, as shown in Figure 20. Position 1: near to the surface of the billet;
position 2: near to the core of the billet.

Position 1

Figure 20

Position 2

Cross sectional diagram of a willow billet showing the two positions analysed by
the FTIR microscope.

Inspection of the cross section by the human eye indicates uniform colouration across the cross
section. An increasingly darker colouration was observed in the smaller billets, which accompanied
the greater mass loss experienced by these billets. The heating that continued at the centre of the
billets after cooling suggests that although the billets experienced a differential temperature
through their cross section, the centre actually experienced a longer residence time above 200 °C
and therefore the billet as a whole experienced a similar degree of conversion. However, the FTIR
data shown in Appendix A did not identify any perceivable difference between the inner and outer
areas of the billets, or indeed between the treated and untreated biomass (Appendix A5). The
peaks in the plots result from different bond vibrations between carbon, hydrogen and oxygen,
and represent the presence of different functional groups in the organic components of biomass.
During torrefaction, hemicellulose undergoes the most decomposition whilst cellulose and lignin
do not degrade significantly at temperatures under 300 °C. Hemicellulose only comprises 13.9 % of
willow, whilst lignin and cellulose comprise 19.6 % and 48.5 %, respectively. Therefore, it is likely
that the functional groups of cellulose dominate the measured spectra and the changes occurring
in hemicellulose are not perceivable. Thus, it has been shown that the technique of FTIR
microscopy is not suitable for determining the degree of conversion and chemical changes in the
wood for these temperatures.
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ACHIEVEMENT OF OBJECTIVES

Objective

Method of Assessment

Prepare thermally treated biomass from different
Torrefaction rig (tube furnace)
size fractions.

Completed
9

Characterise fuels

Proximate analysis,
Ultimate analysis,
CV determination

9

Determine extent of conversion

Large billet experiments,
Mass loss measurements,
FTIR microscopy

9

PM100 Ball Mill,
Characterise the treated material for Hardgrove HGI adapted method,
Index, surface area, etc.
Particle size distribution,
BET surface areas.

9

Produce high heating rate chars from the different Pyroprobe method,
size fractions
Char yield measured.

9

Determine the reactivities of the chars from the
Reaction kinetics (3 methods)
different size fractions

9

Examine nitrogen partitioning during the process.

37

Calculations using ultimate
analysis and mass loss data
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CONCLUSIONS

A batch process reactor for the thermal pre‐treatment of biomass has been designed, built and
commissioned for the project. It has been successfully used to analyse three different parameters
of the process and subsequent testing and analysis has been conducted on the fuels produced
using this rig. The work has investigated two fuels, process temperatures of 240 ‐ 290°C residence
times of 10‐60 minutes and two particle sizes.
The work has shown that temperature is the most important parameter in terms of mass loss,
increase in carbon content (and energy content) and in ease of grindability of the solid product. In
simpler terms, temperature is critical in the conversion of biomass to a satisfactorily pre‐treated
solid fuel. However, it has also been demonstrated that residence time plays an secondary role in
the conversion of the fuel, particularly in the increase in carbon content and the ease of
grindability of the fuel.
Pulverisation of the thermally pre‐treated fuels was investigated by adapting the standard HGI test
for coals and using a ball mill. The initial test assigned each fuel with an equivalent HGI value
based on the % fuel through 75μm. Untreated biomass was difficult to pulverise, but thermal pre‐
treatment changed the physical properties of biomass to enable successful size reduction using
this process. Miscanthus was easier to grind: Willow D (treated at 290 °C for 60 minutes) was
calculated as having a grindability index of 51, whilst Miscanthus D (same conditions) had an index
of 79.
The grindability of the fuels were assessed further by measuring the particle size distribution after
pulverisation and compared to four standard reference coals. The results once again
demonstrated how Miscanthus was easier to pulverise than willow, and the particle size
distribution profiles of pulverised pre‐treated Miscanthus were similar to those of coals with which
they had similar equivalent HGI values. However, willow behaved differently and this was only
observed for willow treated at the highest temperature and for the longest time.
From the grindability results, it is concluded that willow requires high temperatures and longer
residence times in order to obtain grindability behaviour similar to coal. In order to produce
similar physical changes in Miscanthus, treatment at temperatures around 290 °C are also
required but considerably shorter residence times are necessary. As a result of these results and
observations, the authors believe that particle size distribution is a more satisfactory analysis of
grinding behaviour than the equivalent HGI designed in this work.
The grindability studies were complemented with SEM images of untreated and pre‐treated
willow. These images demonstrated the changing morphology of ground particles. Thermal
treatment was shown to reduce the heterogeneous physical nature of biomass and the long
needle shaped particles, with jagged ends and twisted fibres were replaced with shorter, more
rounded and smoother particles. It is suggested that these changes will result in more favourable
handling behaviour in pneumatic transport systems.
In further fuel tests, the surface areas of the untreated fuels and the four different treatment
conditions were analysed. It was found that the surface area of willow was approximately twice
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that of Miscanthus. The low surface areas of the Miscanthus fuels made it difficult to observe a
trend with respect to thermal treatment, but the results from willow suggest that thermal pre‐
treatment increases the total surface areas of the fuels by up to approximately 40 % depending on
the treatment conditions.
High temperature high heating rate chars were produced for a small study on char reactivity of
untreated and treated willow. The char yield of willow was 14.8‐15.3 %, willow A has a char yield
of 22.5 % and willow D had a char yield of 28.6 %. Despite the fact that the peak temperatures of
combustion increased from 467 °C to 532 °C, the activation energies were all within 80.0 ‐ 88.1 kJ
mol‐1, and there was no clear trend between untreated fuels and thermally pre‐treated fuels.
However, for typical furnace temperatures of 1400 °C the calculated reaction rate constants of the
chars of torrefied fuels were approximately half those of the untreated willow chars.
Nitrogen partitioning calculations showed that for willow approximately 40% of the fuel nitrogen
remained in the char whilst 60 % entered the volatile stream. On combustion, the majority of the
char nitrogen formed N2, with NO accounting for 15‐20%. In furnace conditions, the higher
temperatures might produce different results and the data reported should be see as indicative
not predictive of these fuels.
Finally, the degree of conversion through large particles was investigated using willow billets of
23‐36 mm diameter. The temperature lag between the core and the outer surface of the particles
was shown to increase with increasing diameter and the overall conversion (measured by mass
loss) was shown to decrease with increase in particle size. The technique of FTIR microscopy was
not able to measure any chemical differences, but the results suggest that 20‐25 mm is the
maximum particle size for uniform conversion.

6.

PROPOSED WORK FOR A SUBSEQUENT PROGRAMME

Using the results obtained, it is suggested that future work focuses upon the following areas:

• Investigate the mildest conditions required for conversion to ‘coal‐like’ grindability
behaviour, in order to better understand the optimum conditions for thermal pre‐treatment.
• Expand testing to include additional fuels such as wood chips, agricultural wastes and waste
products
• Determine a method for using pulverisation behaviour of thermally pre‐treated biomass to
predict maximum co‐firing rates. This data could be used to ascertain the maximum
theoretical co‐firing rates based on mill throughput.
• Conduct a heat and mass balance to add further understanding of the process.
• Conduct analysis of blends with different ratios of biomass to coal to ascertain whether co‐
milling may be synergistic in terms of size reduction of biomass particles (attrition action of
hard mineral‐like coal particles).
39

BCURA Project B92

University of Leeds

• An alternative measure of changes in grindability could be conducted by measuring changes
in surface area before and after grinding. These figures could be compared with coal.
• Determine the maximum particle size for complete burn‐out and investigate whether this
changes for different treatment conditions and different biomass.
• Investigate the waste products evolved from the process for gas/tars and water effluent
• Investigate feasibility of using flue gases for inert atmospheric conditions by conducting
experiments using simulated combustion gases to determine maximum oxygen
concentrations in inert gas.
• Conduct a thorough techno‐economic study to investigate cost implications for commercial
applications of the process.
• Produce a summary of the hazards and environmental impacts.

7.

PUBLICATIONS ARISING FROM THE PROJECT

T. G. Bridgeman, D. Waldron, J. M. Jones, A. Williams., “Applying Coal Milling Technologies to
Thermally Treated Biomass”, 17th European Biomass Conference and Exhibition, Hamburg,
Germany, 2009.
T. G. Bridgeman, D. J. Waldron, J. M. Jones, A. Williams., “An investigation of the grindability of
two thermally pre‐treated energy crops”, in preparation.
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APPENDIX A
FTIR SPECTRA OF THE CROSS SECTIONAL AREA OF WILLOW BILLETS
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FTIR spectra of outer and central area of cross section of a raw willow billet
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FTIR spectra of outer and central area of cross section of a thermally treated 23 mm
willow billet.
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FTIR spectra of outer and central area of cross section of a thermally treated 30 mm
willow billet.
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FTIR spectra of outer and central area of cross section of a thermally treated 36 mm
willow billet.
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FTIR spectra from the outer areas of the cross section of a raw 30 mm willow billet and a
thermally treated 23 mm willow billet.
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