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Executive summary
Introduction
This project has arisen through the power generation industry’s ever increasing
concerns over the use of renewable energy, particularly regarding the handling of
coal/biomass mixtures. Co-firing which is the process of mixing a base fuel with a
supplementary fuel, was first proposed in the early 90’s and has been identified as the
most economic option for quickly addressing the UK’s carbon emissions goals, on the
assumption that the coal/biomass mixes can be handled using existing coal power
plant infrastructure.
Biomass is considered to be CO2 ‘neutral’ since released carbon is re-absorbed in the
growth cycle of new plants. In the UK, biomass technology can help power
generators meet their responsibilities under the Kyoto protocol and hence the
Renewables Obligation. In the UK, 16 coal-fired power plants have co-fired biomass.
The Department of Trade and Industry (DTI), initial UK guidelines set a goal of
10.4% of electricity supply to come from renewable sources by 2010.
While prior to the project there was considerable knowledge and experience about
how to handle coal, there is relatively little knowledge of the flow properties of
biomass materials. As a result, the reality of co-firing is that the introduction of a
coal/biomass mix into existing plant that was built to handle coal, has raised concerns
regarding how the addition of (often) fibrous and elastic biomass material will affect
its handling properties of the mix.
This project considers the issues faced when handling these biomass/coal mixes at
various ratios in the traditional pulverised fuel coal fired power plants. Many
potential biomass materials were determined and the applicability to co-fire them in
traditional power plants was accessed. A number of fuels were assessed in smallscale combustion trials and preliminary trials showed acceptable combustion
characteristics. Hence biomass fuels were accessed for power generation which
include wood based fuels such as wood chips, saw dust, bark, tree trimmings;
agricultural wastes such as straw, rice husks and nut shells and energy crops and more
lately Short Rotation Coppice (SRC).
Objectives
The project has been exploratory as far as the research methodology is concerned.
The main objectives of the project were to:
• Identify and prove the most effective techniques for measurement of the
flowability (internal strength), wall friction and segregation characteristics of
coal/biomass blends of varying ratios.
• Use the above-identified techniques to establish an understanding of how
various biomass fuels affect the relationship between mix ratio and change in
bulk behaviour.
• Establish a series of benchmarks regarding the limits of handleability
acceptable in existing equipment and the mix ratios of strategically chosen
biomass fuels, which will not exceed these limits.
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The objectives of the project have been met and the interesting outcomes have been
reached as a result of the work undertaken.
Overview of the work
The work undertaken has focused on shear cell testing of a range of coal and biomass
mixes under instantaneous conditions and periods of time consolidation. A new large
scale shear cell has been developed specifically for the larger biomass particles.
These measurements have been combined with silo design procedures to calculate the
critical silo geometries to ensure reliable flow of the coal/biomass mix.
Discussion
The most effective technique for the measurement of flow properties was identified as
the annular shear tester, which has both given consistent results for a range of coals
and biomass materials. A significant problem with the standard or ‘small’ (300mm
dia) annular shear tester is the limitation on the maximum particle size of the test
sample, nominally 2mm to ensure ‘noise’ free results. To overcome this limitation
and allow tests to be undertaken on samples of coal and biomass with their full size
distributions, a ‘large’ (1000mm dia) annular shear tester was constructed. This was
found to give acceptable results for coal, biomass samples with a 19mm and 6.75mm
diameter top sizes respectively.
The investigation of the comparative flowabilities of the moist coal, biomass and
biomass mixes, undertaken with the annular shear cells for instantaneous flow
conditions, indicated the following: that the coal/biomass mix for cereal co products
(CCP) was more free-flowing than the coal and CCP individually. This was because
the CCP adsorbed moisture from the coal, reducing its effective cohesion. Meanwhile
the results for the coal/MPN (milled palm nuts) mix suggested that it was less free
flowing than the coal and MPN individually. Hence the results varied for different
materials.
An offshoot of the research work undertaken, which provided very interesting results
in the flow problems area was the effect of storage time on the coal/biomass mixes. It
was determined that coal/biomass mix underwent a biologically driven caking process
inside the silos, when the environmental conditions which were necessary for them
were present inside the silos, such as, high moisture content of the coal. It is the
mould growth in the coal biomass mix that produces a significant increase in the
strength of the mix resulting in discharge problems. Caking tests were undertaken for
a range of coal/biomass mixes with the uniaxial tester to replicate the conditions
during storage. These test showed that the cake strength was strongly dependent on
the percentage biomass in the mix.
The work has been written up as a plant design best practice guide for trouble free
handling of coal/biomass mixes in silos, feeders and chutes. The results suggest that
as far as equipment changes are concerned, changes to the design of the outlets of
(typical) existing mill feed silos will not be required to handle mix ratios of 90/10 of
coal/biomass by weight, as these will comfortably flow through the existing system
without causing arching. However if the percentage of the biomass in the mix (by
weight) was increased to 50%, the measured caking strength were found to increase
significantly, to a level that would present serious arching problems in the current mill
feed silos.
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The current upper limit on the coal/biomass mix ratio is approximately 90/10 percent
by weight, this is imposed by many factors such as milling characteristics of the blend
and the potential for dust explosion hazards in the mill feed bunker.
Conclusions
In summary, the conclusions of this work are that the:
• Existing shear cell characterisation techniques are adequate for the coal,
biomass and coal/biomass mixes.
• Instantaneous flow properties of the moist coal/biomass mixes are free flowing
than the moist coal.
• Time flow properties are significantly worse, particularly at high mix ratios,
due to mould growth.
• Mould growth represents significant health hazards, which have been
identified.
• Mould growth in the bulk containers can be inhibited by various methods but
practical implementation of these in the power plants needs further
investigation and study. Pasteurisation is not a viable option economically for
inhibiting mould growth.
• Caking of the biomass through mould growth causes significant increase in the
strength especially at high percentage of biomass in the mix.
• 90:10 coal/CCP mixes are more free-flowing than coal and biomass
individually.
• For the 90:10 Coal: MPN mix, was found to be less free flowing than the
MPN individually, comparable to that of coal.
• The typical geometry of an existing power plant silo is adequate for the
reliable flow of the coal/biomass mixes at the 90:10 ratio for instantaneous
conditions.
• Measured strengths gained by the coal/biomass mixes during moulding were
sufficient to cause discharge problems for a typical power plant silo.
Therefore avoiding any stagnant regions by the use of mass flow hoppers and
good feeder interface are recommended for flow.
• Segregation results suggested that no segregation or de- mixing was occurring
in the 90:10 mix at both 14% and 22% wet basis moisture of the Dawmill coal
mixed with full size range MPN.
• Large Annular shear tester gives mostly comparable results with the small
annular shear tester irrespective of the particle size difference of material
tested. (Measurement of fines over- estimated the reduction in flow function of
the mix).
Impact and application
The conclusions of this work will be of use to power generators looking to co-fire
coal and biomass. The result suggests that the main discharge problems to be
expected from the handling of coal/biomass are due to the occurrence of moulding
during long-term storage. This shows the need to ensure all new silos and feeders are
designed for mass-flow, to eliminate regions of static storage and minimise the
potential for caking and subsequent discharge problems. The work also highlights the
need for investigation of the health effects of the spores from the biomass materials.
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Introduction
1.0 Introduction
Co-firing is the process of mixing a base fuel with a supplementary fuel. The method
was first proposed in the early 90’s and gained considerable momentum in the power
generation industry. Co-firing of biomass with coal appeared to offer the best
opportunity for quickly addressing carbon emissions goals and also supporting the
renewable energy cause for power generators in the UK, since the infrastructure for
generating power from coal already existed and the addition of biomass to the existing
coal stream was thought to offer the simplest solution to meeting the Renewables
Obligation. At the initial stages of using biomass two options were available. Firstly
to build a dedicated biomass plant, such as a grate fired or fluidised bed unit with a
relatively low thermal efficiency or, secondly, co-firing the biomass with other fuels
in existing coal fired power plants. Many factors favoured co-firing, rather than
dedicated biomass plants, e.g., capital cost, lead-time, investor confidence etc.
This project considers the issues faced when handling these biomass/coal mixes in the
traditional coal fired power plants, when coal is mixed with biomass in various ratios
for co-firing. Many potential biomass materials were determined and the applicability
to co fire them in traditional power plants were accessed. A number of fuels were
assessed in small-scale combustion trials and preliminary trials showed acceptable
combustion characteristics. Hence biomass fuels were accessed for power generation
which include wood based fuels such as wood chips, saw dust, bark, tree trimmings;
agricultural wastes such as straw, rice husks and nut shells and energy crops and more
lately Short Rotation Coppice (SRC). These are already being used in different parts
of the world.
To investigate the handling problems faced by power generators, the approach used
was the study of handling characteristics of coals which has advanced over the past
thirty years has led to significant increases in the understanding of their bulk flow
characteristics and storage behaviour with other bulk materials as well, leading in turn
to improved bulk solids equipment designs and hence minimization of process
problems. This work was initiated by Jenike (1964) and Walker (1966) and has been
continued by many others in the field over the years. Applying this branch of science
to the behaviour of biomass fuels when handled in blended forms with coal is the
main thrust of the project.

1.1 CO2 emission concerns and co-firing
Biomass is considered to be CO2 ‘neutral’ since released carbon is re-absorbed in the
growth cycle of new plants. Even plants and living organisms emit CO2 but due to
burning of fossil fuels this increase its concentration in the atmosphere. Control of
CO2 emissions is important because, on a global basis, they contribute to about 70%
of the enhanced global warming effects of greenhouse gas emissions.
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In the UK, biomass technology can help power generators meet their responsibilities
under the Kyoto protocol and hence the Renewables Obligation. Coal/biomass cofiring will and is playing a major role in driving biomass generation by providing an
environmentally sound and economic solution to energy production in existing coal
fired power plants (serving also to reduce CO2 emissions).

1.2 Co-firing biomass with coal in the UK
In the UK, 16 coal-fired power plants have co-fired biomass. The Department of
Trade and Industry (DTI), initial UK guidelines set a goal of 10.4% of electricity
supply to come from renewable sources by 2010. This is accomplished through a
market based trading scheme in which the Generators are awarded Renewable
Obligation Certificates (ROCs) that are then purchased by electricity suppliers and
redeemed. Every year the renewable obligation level increases from an intial value in
2002/3 at 3%, and will reach 10.4 % by 2010, and 15.4% in 2015/16 to stay until
2027. Electricity suppliers that fail to meet their obligation pay a ‘buy-out’ price and
these monies are then recycled to those suppliers that met their obligation.

1.3 Handling Issues in co-firing of biomass
Industry has been facing many handling issues while handling different types of
material and a clear understanding of the same will help in understanding the
behaviour while mixing coal with the different biomass materials for co-firing.
Experience in the industry along with scientific information has often proven that
material flow characteristics, especially wall friction and internal strength, are key
elements in flow problems in both mass & core flow bunkers. There are many issues
regarding coal /biomass mixes from delivery to the handling systems. These
problems, which are faced during handling, are described below.

During co-firing of biomass in pulverised coal boilers the biomass can be fed with the
coal to the coal mills, this process is the simplest and has the lowest capital cost. This
approach has the highest risk of malfunction of the fuel feeding system since the
power plants have been initially designed for coal and feeding a material other than
coal will create problems.
Another option of co-firing involves separate handling of the biomass, which is then
injected upstream of the burners or at the burners. The difficulties faced here involved
installation of additional transport pipes to feed the biomass to the burners.
If the proportion of biomass is high, say over 10 to 15%, the total fuel volume would
increase unacceptably and this will prevent the combined grinding and feeding of
biomass and coal, which will result in the need for separate mills meaning
modifications of the existing infrastructure in the power plants.
Caking of the biomass fuel is a significant issue in its own right. Some biomass fuels
have a tendency to promote fungal growth after absorbing moisture from either the
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coal or the surroundings. This is particularly prevalent in starchy biomass, e.g., cereal
co products (CCP).
Mill feed bunkers at various stations (coal) have been lined with smoother wall
materials to reduce wall friction. The reduction in hang-ups with the lower wall
friction materials has been found to be beneficial for both difficult coals and coal:
biomass blends.
Again, in chutes and transfer points, wall friction is the controlling property - high
wall friction can and does lead to blockages in these areas, which can be just as
troublesome as hang-ups in bins.
Segregation of biomass from coal is inevitable when higher proportions are used with
the larger pellets going to the sides of the bins and the fine particles settling on the
centre according to how the material is being fed into the bunkers. To varying
degrees, biomass can have very different densities, particle size ranges and shapes, all
of which will cause severe de-mixing and hence a variation in flow properties, mass
throughputs in volumetric feeders, milling etc.
These problems can be assessed, avoided or mitigated, through advance knowledge of
the flow characteristics of the materials. This project addresses most of these handling
issues with methodology as laid down in the project objectives.

1.4 Project objectives
At the start of the project it was well understood that industrial experience of flow
problems could be mitigated through an improved fundamental understanding of the
relative effects of different types of biomass and their mix ratios with coal. Hence it
was fairly clear that work had to be carried out to understand the flow properties of
the coal, coal/biomass mix (different ratios) and pure biomass. Such a study would be
relevant to the operation of existing coal handling equipment, based on the flow
properties of the mix ratios and also for future design of handling equipments.
The well-established methods for characterising the internal strength, wall friction,
caking and adhesion properties of bulk materials, and associated design methods,
were considered to be the starting point. However, it was most important to
determine whether these techniques are suitable for biomass materials and whether
the results could be used to make reliable predictions regarding the operation and
design of any given piece of equipment.
The objectives of the project are as given below
1. Identifying and proving the most cost-effective techniques for measurement of
the three main aspects of handleability of coal/biomass fuel mixes:
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2. Using these techniques to establish an understanding of how various types of
biomass fuels affect the relationship between mix ratio and change in
behaviour:
3. Establish a series of benchmarks regarding the limits of handleability
acceptable in existing equipment and the mix ratios of strategically chosen
biomass fuels, which will not exceed these limits.
The way in which these objectives will be met is as follows: (a) Identify the likely popular biomass fuels and coal specifications of the next
five and ten years.
(b) Survey current and new equipment through which this may be handled.
(c) Survey, test and validate (and where necessary develop) the methods to be
used for the measurement of the handling characteristics of mixtures in the
three respects laid out above, to ensure they give measurements which are
useful and relevant to this equipment, then
(d) Use these characterization techniques to study the effect on friction, internal
strength and segregation when a wide range of biomass materials are mixed
with a range of coals, and predict their behaviour in full scale plants; and
(e) Validate the predictions made, as far as possible, during co-firing trials.
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Experiments
2.0 Experiments
This section describes briefly the main experiments and investigations, which were
carried out in the course of this project. Also it explains the reason why they were
undertaken.

2.1 Wolfson annular shear tests (small and large)

Figure 1 .The redesigned small wolfson annular shear tester

The Wolfson annular shear tester (small) is the redesign based on the original Walker
tester and using the same cell geometry. The tester consists of a trough having inner
and outer diameter of 150 and 276 mm respectively. A lid is suspended concentrically
above the trough and located laterally by the 3 tie bars, which prevent contact
between the trough and lid (a 0.5 mm clearance gap exists between the inner/outer
radii of the trough and lid), coming in co-axial with the trough. The underside of the
lid has 18 vertical radial vanes to grip the sample, their lower edges being flush with
the rim of the lid. The trough is slowly rotated at adjustable speeds by a motor and
reduction gearbox. Integral with the lid are two radial torque arms, which are
prevented from rotating with the trough by connection to the load cells. Thus the
material is caused to shear and the shear force can be measured. The normal load on
the shear plane is adjusted to the desired value either by placing disc shaped weights
symmetrically on the lid, or in the case of low stresses, by partially counter-balancing
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the weight of the lid via a weight hanger attached to the lid by a nylon cord passing
over the beam.
The large annular tester is larger version of the small tester (Figure 2 and 3). It was
constructed to carry out to tests on coal and biomass in its full size range. The
equipment works on the same principle as the Wolfson small annular tester. The
Large annular shear helps in getting a better understanding about how larger particle
top sizes in mixes can affect their failure properties; the larger cells enables the
determination of flow properties in mixtures closer to reality, and also show whether
the use of the more limited ranges of particle sizes in the smaller shear cell have a
significant effect on trends observed. Tests have been already carried out on the
annular shear tester. The tester design was based on an (approximately) three-time
scale-up of the small annular shear tester, which has been used, for extensive flow
property testing for hopper and silo design. The geometry of the powder cell on the
original (small) tester is similar to that of the Walker annular shear cell which has been
used for the same purposes since the 1960s, but the machine arrangement is improved
mechanically to give more sensitive measurements.

Figure 2. Lid of Large Annular shear tester

Figure 3. Trough of the Large Annular shear tester
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The new, large tester incorporated a cell of 989 mm lid diameter, of the same geometry
as the Walker tester but with a simplified lid design (similar to Schwedes design) for
ease of manufacture. It is incorporated the improved mechanisms to obtain equally
sensitive measurements. The trough of the annular tester has an outer diameter of about
0.5m.

2.2 Jenike Shear Cell - Wall friction tests
The jenike shear cell is one of the earliest pieces of equipments which has been used
for silo design as described by Jenike (1961, 1964). The cell consists of two stainless
steel rings of 95.3 mm diameter that is closed by a lid. The normal loads are applied
to the cell by means of gravity loading system. The shearing action is provided by
means of a motorised lead screw, which is driven horizontally at a controlled rate.
This action displaces the upper ring relative to the lower one, by means of a pin which
acted against the bracket which was attached to the lid as can be seen in the figure 4.
The shear force corresponding to a given normal load is measured with a load cell
mounted on the end of the lead screw and this is indicated on a chart recorder.

Figure 4. A Jenike shear cell

The jenike shear cell tester was used in this project for the measurement of the wall
fiction data of the different materials. In the tests to determine wall friction the lower
base frame is removed and replaced by the wall material, whose wall friction is to be
determined.

2.3 Caking tests
Caking tests were undertaken by firstly blending the coal by adding moisture in small
amounts in a mixer in order to obtain high moisture levels of 20 to 22% (wet basis) in
the coal. Once the mixing was complete the coal was put into three plastic bags, to
minimise moisture loss and for 48-hour equilibration. The coal was stored in this
condition until it was time to mix it with the biomass prior to testing. Checks were
undertaken prior to mixing the biomass with coal to reconfirm the moisture level of
the test material. The coal was then mixed with dried cereal co- products (CCP) fines
in a drum to the required coal / biomass mix ratio. The coal / biomass mix were
prepared in ratios of 90:10, 85:15, 80:20 and 50:50 by weight.
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The procedure for measuring the cake strength of a bulk solid comprises 3 key stages:
•
•
•

Consolidation of the bulk solid to a known or repeatable bulk density, to
ensure a repeatable packing structure
Creation of the cake
Measuring the unconfined failure strength of the caked sample

Figure 5. Texture analyser (Uniaxial tester)

Consolidation of the coal/ biomass mixes. The mix was loosely packed into the
uniaxial cells. Rubber bands were stretched around the outer diameter of the cylinder
halves to firmly clamp the mould around the mounting lip on the base. A
consolidation load of 5.2 kg was then applied to the top surface of the sample for 5 to
6 minutes. The load was then removed and the test sample was labelled ready for
storage.
Creation of the cake. The consolidated samples in the cells were then sealed tightly
in cling film, put inside a plastic bag and left for the desired storage time at ambient
temperature. The time periods applied were 1, 2.5 and 3.5 weeks
Failure of the cakes. The caked samples were removed from storage and placed in
the uniaxial tester (Figure 5) for failure tests. The plastic packaging and cylindrical
mould were then carefully removed leaving a freestanding column of caked bulk
solid. The vertically downward acting probe was then utilised to apply a gradually
increasing compaction load to the column of bulk solid until failure occurred. The
vertical normal stress acting at failure represents the unconfined failure strength of the
bulk solid cake.

Report prepared by N S Khan as part of PhD thesis work

12

2.4 Segregation tests of mix (coal: biomass)
Segregation tests were undertaken to investigate whether or not segregation was
actually occurring insides the bunkers. The results from the caking tests for the
different mix ratios suggest that the high caking strength was occurring at high ratios
of the biomass to that of coal. The effect of rolling segregation where the coarse
particles roll to the periphery of the heap while the fines collect in the center was
suspected in the coal/biomass mix. So, therefore the expectation was that the outer
circumference of the heap of the biomass coal mix would have high concentration of
the biomass to that of coal, hence leading to high caking strength inside the bunker on
the outer circumference.

2.4.1 Test Procedure

Figure 6. The set up used to raise the hopper from the floor
The 14kg of Dawmill coal was abstracted from the barrel and analysed for moisture.
Simultaneously the biomass pellets and the fines were mixed in 70% pellets and 30%
fines (by weight) proportion before mixing them with the Coal. The mixing was
carried out by hand for 3 minutes. To establish the material propensity to segregate,
the mixed sampled was discharged into a heap using a hopper arrangement as shown
in figure 6. And the samples were taken from the centre and the circumference for
caking tests. 3 minutes is the approximately the official time that the biomass and
coal stay together on the conveyor belt in industry.
The heap was formed by putting the mixed material on to a hopper, which was
mounted on a forklift. The hopper was raised to a particular height from the floor
level in order to discharge the material onto the floor and allowed it to segregate.
Tests were carried out with two different moistures contents, namely: 14% and 22%
Dawmill coal moisture on a wet basis. Once the heap was formed the coal/biomass
samples were taken from six zones (three in the centre, three on the periphery) and
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transferred into the caking tester, to investigate the caking potential of the segregated
material in the heap. The core or central materia contained mainly fines, it was
removed first so that heap would not collapse before taking out the rest of the material
in the outer circumference of the heap.
To undertake the caking tests, the samples taken from six zones around the heap were
packed into the uniaxial cells and consolidated under a 5.2 kg load for 5 minutes. The
samples and cells were then sealed in airtight environments and left for a week to
cake. These tests were repeated with the 22% moisture content of Dawmill coal.
Again the samples were taken from six zones within the heap. Results of the same are
discussion in the later chapters.

2.5 Mould growth investigation
The work was undertaken to determine the moulding property of the coal/biomass
mixes and to understand the mechanism of caking occurring due to mould growth.
The moisture from the coal is absorbed by the biomass material, which then starts to
mould over time. This growth occurs at different rates in the different biomasses
depending on the moisture content of the coal as well as various factors such as
temperature. In this project the problems that is of most concern among all the cases
mentioned above is of caking of cereal co-products (CCP) and similar biomass
materials, which have been found to occur in laboratory experiments described in
following sections.

2.5.1 Initial mould formation tests
Preliminary tests were carried out using the different biomass/coal mixes ratios. Some
of the mix materials were left under a no load condition and were found to cake
through mould growth. It was determined that a biological mould formation occurs
within the coal/biomass mix when biomass is mixed together with high moisture
content coal and hence leading to caking of the materials together. The coal/biomass
mix was left under a room temperature of 29-30°C and in sealed plastic bags.
In an attempt to quantify the strength gained by coal/biomass mix after caking (or
mould growth), preliminary uniaxial tests were undertaken. These tests were carried
out, it was found that after loading coal/biomass mix and allowing it to cake, a
column of sufficient strength to support its self-weight was formed.

2.5.2 Heat treatment tests
Heat treatment tests were carried out to determine whether heating the biomass to
high temperature before mixing them with the coal could inhibit the mould growth.
The tests was carried out in which biomass fines and pellets were heated to 70° C and
then mixed with coal at moisture of 17.85% wet basis and left for 1 week to mould.
The mixture moulded. Then doubt arose to whether the heat actually penetrated into
the pellets and the fines during the heating in the oven. Hence a second test was
carried out in which the biomass fines alone was heated for 6 hours at 100°C, so that
the heat would penetrate into the biomass to at least 70°C (which would kill the
spores theoretically). The biomass was then mixed with Dawmill coal fines and left to
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mould. After few days it developed the mould again. The temperature was increased
higher to 130°C to see whether the temperature would inhibit the growth. It again
moulded.
Data pointed in one direction that the growth was occurring due to airborne spores,
which were present, everywhere or spores that survive even after heat treatment.
Therefore to inhibit mould growth the bulk material would have to be sealed off after
pasteurisation to prevent re-infestation. The practicality of which was hard as far as
the power plant fuels were concerned.
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Results and Discussion
3.1 Wolfson annular shear tester
The flowability of the material is dependent on many things. This is represented by a
failure function (or flow function) a plot of unconfined failure strength (σc) versus is
plotted against major principal consolidation stress (σ1). Thus if a material is totally
free flowing the unconfined failure strength is zero and the consolidation stresses and
the failure function would coincide with the horizontal axis. As the material becomes
less free flowing the gradient and intercept of failure function increases.

ffc = (σ
σ1)/ (σ
σc)
The greater is ffc the smaller is the strength in relation to the consolidation stress and
therefore the more flowable the bulk solid. Jenike (1964) proposed a classification
which is as following

ffc < 2
2<ffc < 4
4< ffc < 10
10 < ffc

Very Cohesive
Cohesive
easy flowing
free flowing

Figure 7. Flowability of materials
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To explain things better the graph on figure 7 has been divided into 3 regions. Region
3 shows the regions were materials are relatively free flowing, region 2 is a region of
cohesive material and region 1 is one of very cohesive to non-free flowing. For the
materials tested in this project most materials lie in the region 3.

3.2.1 Conditions of Coal used for test

Unconfined failure stress σ c [KPa]

Russian Coal A1 & Coal A2 – 48 hr equilibrated coal with 12% moisture addition
after complete drying using both air drying and nitrogen drying.
Russian Coal A - 48 hr equilibrated coal with 16% moisture addition after complete
drying using both air drying and nitrogen drying.
Dawmill Coal B – Tested with moisture as available in the coal of 5.96% wb.
16
Coal A1 8%
12
Coal A2 8%
Coal A 16%

8

Coal B 8%
4

0
0

4

8

12

16

Major principal consolidation stress σ 1 [KPa]

Figure 8. Failure functions of Coal (Russian Coal and Dawmill Coal)

The results suggest that the coal with the maximum amount of moisture is the least
free flowing. In figure 8, it can be seen that Russian coal which is referred as Coal A
in the legend with the moisture level of 16% wet basis is the least free flowing among
all the other coals conditions. Also with Russian and Dawmill coal of the same
moisture, the latter is more free flowing than the former. This could be mainly due to
the cohesion property of the coal which varies from coal to coal, which means
Dawmill coal is better free flowing than given Russian coal.

3.2.2 Summary of Cereal co-products (CCP) conditions
All CCP materials used for testing purposes had particle sizes less than 4.75 mm. The
CCP material conditions can be broadly classified into two categories as far as
conditions are concerned. Initial tests (CCP 1 to 4) many consisted of adding external
moisture to a fully dried the CCP. The latter tests (CCP 5 to 7) were tested with as
supplied moisture.
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CCP 1 - 4 hr equilibrated with addition of 8% moisture after air- then nitrogendrying, Suspect loss of moisture due to leakage through plastic during equilibration.
CCP 2 - 48 hr equilibrated with addition of 8% moisture after air- then nitrogen
drying. The equilibrated coal was stored in a plastic covers.
CCP 3 - 48 hr equilibrated with addition of 8% moisture after air and nitrogen drying,
to reduce possibility of loss of moisture three plastic covers used to contain moisture
within the coal
CCP 4 - 48 hr equilibrated with addition of 8% moisture after nitrogen and air drying,
to reduce possibility of loss of moisture three plastic covers used to contain moisture
within the coal
CCP 5 – Moisture on the biomass 14% wet basis. No additional moisture was added
to the CCP
CCP 6 – Moisture in the biomass 12.74% wet basis. No additional moisture was
added to the CCP

Unconfined failure strength σ c
[K Pa]

CCP 7 - Moisture in the biomass 16.84% wet basis. No additional moisture was
added to the CCP
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Figure 9. Failure functions of Cereal co-products (CCP) (Scale 1:1)

The results from the failure functions of the CCP suggested that for the all the above
said conditions the flow characteristics are in the same range without any dominant
difference to one another as can be seen in the figure 9.They can be classified as free
flowing materials at the different conditions.
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3.2.3. Summary of mixes conditions
All biomass materials used had particle sizes less than 2 mm. The coal had suffered
moisture losses prior to testing. Also during crushing of the coal there occurred some
loss of moisture due to the fact that some of the inherent moisture is released. The
particle size varied between 0 –2.00 mm. The mixes tested were: Mix 1 - 48 hr equilibrated Russian coal with 8% moisture mixed with CCP of 14%
moisture. The mix tested immediately after mixing in 90:10 proportions by weight.
Mix 2 - 48 hr equilibrated Russian coal with 8% moisture mixed with CCP of 14%
moisture. The mix tested 2 hours after mixing in 90:10 proportions by weight.
Mix 3 - 48 hr equilibrated Russian coal with 12% moisture mixed with CCP of 14%
moisture. The mix tested 4 hours after mixing in 90:10 proportions by weight.
Mix 4 - 48 hr equilibrated Russian coal with 12% moisture mixed with CCP of 14%
moisture. The mix tested 4 hours after mixing in 90:10 proportions by weight.
Mix 5 - 48 hr equilibrated Russian coal with 22% moisture mixed with CCP of 14%
moisture mixed in 90:10 proportions by weight.
Mix 6 - 48 hr equilibrated Dawmill coal with 17.77% moisture mixed with MPN of
9.53% wb moisture mixed in 90:10 ratio by weight
Mix 7 - 48 hr equilibrated Dawmill coal with 17.01% moisture mixed with MPN of
9.75% wb moisture mixed in 90:10 ratio by weight.

Unconfined Failure Strength σ c [KPa]

Mix 8 - 48 hr equilibrated Dawmill coal with 17.01% moisture mixed with MPN of
9.75% wb moisture mixed in 90:10 ratio by weight.
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Figure 10. Failure functions of Russian Coal: CCP Mix (90:10) ratio by weight
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For the 90:10 mix ratio of the Russian Coal:CCP it can be seen from the figure 10 that
with increase in the moisture of the coal the material becomes less free flowing. Mix 5
in the figure 10 has a 22% wet basis coal mixed with the CCP and it can be noticed
that the failure functions is high above the other and making it the worst flowing
among the different mix conditions. For Mix 1 to 4 it can be noticed that it is very free
flowing.
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Figure 11. Failure functions of Dawmill Coal/MPN mix in 90:10 ratio by weight
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Figure 12. Failure functions of Milled Palm Nuts (MPN)
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The failure functions derived from the Wolfson annular shear tester for coal/MPN mix
and MPN are shown above. The work was undertaken to understand the material
flowability under different material conditions as described before each graph. The
materials under test are Russian Coal, Dawmill Coal, Cereal co-products (CCP) and
Milled palm nuts (MPN).
The key results being
•
•

•

It was determined that the mix of the cereal co products (CCP) and the coal is
more free flowing than the coal and CCP individually.
It was also determined that with increase in the moisture of the Coal: CCP mix
the material becomes less free flowing; this was also seen in the case of the
Russian coal.
Milled palm nuts (MPN) at 9.18% wb is relatively granular material, is more
free flowing individually than when this biomass is mixed with coal at 17%wb
moisture as can be seen by comparing figures 11 and 12.

3.3 Large annular shear tester
Tests on the full size range of the biomass, coal and mixes were undertaken with the
large annular shear tester. This tester was developed since the small annular tester
could test only the fines of these materials, which were below 2mm top size.

Unconfined failure stress σ c [KPa]
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Figure 13. Failure functions of Dawmill Coal tested on the large annular shear tester
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Unconfined failure strength σ c [KPa]
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Figure 14. Failure functions of Dawmill Coal tested on the large annular shear tester

The failure functions derived from the 19mm top size Dawmill coal is described in
figure 13. The failure functions derived from the Large annular shear tester for CCP,
MPN and coal:CCP are shown in figure 14. The work was undertaken to understand
the material flowability under different material conditions, but the difference to the
wolfson tester as explained above is that the material tested was full size range in
order to get realistic understanding of the material as is in the power plant. The
materials tested were, Dawmill Coal, Cereal co-products (CCP) and Milled palm Nuts
(MPN) and Coal: CCP mix.
The results overall showed that Dawmill coal in the full size range were less free
flowing than the CCP, MPN and the mix. The whole size range of the material created
“noise” in the charts as shown in figure 13 and 14.The initial design was altered to
carrying out measurement at low stresses by introducing a counter balance
arrangement and as a result it reduced the “noise” in the readings.

3.4 Caking results
36 unconfined cake strength tests were undertaken with four different mix ratios of
90:10, 85:15, 80:20 and 50:50 (coal / biomass) over 1, 2.5 and 3.5 week periods each.
The results of these tests are presented in Table 2, below. These results are plotted in
figure 15. It was found that the failure strength for the 50:50 coal: biomass mix ratios
was much higher than the 90:10, 80:20 and 85:15 mix ratios across the different time
periods and also the failure strength increased from 1 week to 3.5 week, in contrast to
the other mix ratios. The error bars illustrate the variation between the highest and
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lowest values obtained in each case while undertaking the tests across the range of
mix ratios.
For the mix ratios 90:10, 85:15 and 80:20 the peak loads are found to be more or less
constant across the different time periods. The average failure strength of the mix
ratios is found to increase with increase in the biomass content. Unconfined failure
strength for each mix ratio is seen to increase with decreases in the percentage of coal.
This is also further supported by the fact that the instantaneous tests undertaken gave
results that with increase in the biomass content of the mix there is increase in the
caking strength of the samples.

% Coal
90
85
80
50

Unconfined Failure Strength by KPa
1 week
2.5 weeks
4.55
4.67
5.16
4.28
6.2
4.09
9.41
5.17
6.2
7.7
7.63
9.23
19.75
13.75
37.04
28.91

Instantneous
0.54
0.73
1.69
4.85

3.5 weeks
4.61
4.14
5.7
5.9
5.98
5.17
40.5
32.41

Table 2. Unconfined failure strength of the caked Coal: CCP samples

Unconfined failure strength KPa
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Figure 15. The graph represents the plot of the unconfined failure strength of caked
material in the different mix ratio and also the instantaneous values of each of the mix
ratios.

3.4.1 Discussion
For the mix ratios 90:10, 85:15 and 80:20 the peak loads are found to be more or less
constant across the different time periods. The average failure strength of the mix
ratios is found to increase with increase in the biomass content. Unconfined failure
strength for each mix ratio is seen to increase with decreases in the percentage of coal
by weight this is shown by the fact that the instantaneous tests undertaken gave results
that are also increasing with increases in the biomass content of the mix.
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The pattern of the mould growth on the surface of caked specimen indicated that the
caking occurs predominantly in the regions where there is contact with air through the
cling film. There is a possibility that the environmental exposure to pockets of air at
these regions might be contributing to an accelerated biological activity compared to
those areas that are between the top and bottom regions in the cylindrical cells. The
areas of whitish growth indicated strong mould activity. The areas where the mould
growth occurs represented stronger cake formation than the areas where less mould
growth occurred. These lines of weakness became the lines of failure of the mould
when a load is applied to it.
It was noticed that in the case of the 50:50 mix that there was no whitish mould
growth and also that the unconfined failure strength obtained (table 2) increased with
the increase in the time period from 1 to 3.5 weeks. Also it has been noticed that most
of the failures of caked samples occurred by buckling of the column. For the 90:10,
85:15 and 80:20 mixes the failure strength obtained is consistent across the different
weeks. The error bars that are drawn at each point for these mixes support this fact.

3.5 Segregation tests

Conditions of the mix
CCP 12.72%, Dawmill
coal 22.07%
CCP 11%, Dawmill coal
14%

Unconfined failure
strength inner heap
[kPa]

Unconfined failure
strength outer heap
[kPa]

13.83

14.33

7.79

5.90

The cake strengths of the two coal/biomass mixes are presented in the table above.
Results represent an average of 3 repeat tests.

3.5.1 Discussion
The results indicated that for the higher moisture content (22.07%) of the coal the
cake failure strength was higher than tests undertaken with the (14%) of the coal. For
both moisture contents cake strength measurements at the circumference and centre of
the heap were comparable. Hence indicating that caking occurring in the inner part of
the heap i.e. is the central part of the heap as well as the outer circumference are the
same. Also the visual image of the heap indicated that there is no segregation
occurring in the heap but rather uniform distribution of the biomass and the coal in
both the cases (Fig 16 and Fig 17). The case of the coal moisture content at 14% is
similar to the higher moisture content (22.07%) coal the stress or the failure strength
average of the inner and outer heap are almost the same.
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Figure 16. The segregated heap of the 14% wb coal

Figure 17. The segregated heap of the 22% wb coal

3.6 Wall friction
Wall friction tests were carried out to help determine the hopper outlet dimensions for
the different materials. The tests were carried out on CCP, MPN and Coal (Russian
and Dawmill). Wall friction angle for Dawmill Coal was determined as 27O, for
Cereal co-products (CCP) as 31O and for Milled Palm Nuts (MPN) as 33 O and for
Russian coal as 25O.The wall friction figures are available as shown in figures 18,19
and 20.
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Figure 18. Wall friction plot of Shear stress versus Normal Stress for Cereal co-products
(CCP)
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Figure 19. Wall friction plot of Shear stress versus Normal Stress for Dawmill Coal
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Figure 20. Wall friction plot of Shear stress versus Normal Stress for Milled Palm Nuts
(MPN)

The slot width dimensions of the existing mill feed hoppers in the Kingsnorth power
plant is 0.762 metres. The required minimum slot width that was measured for all
materials showed that it was less than the actual existing dimensions in the bunkers.
Hence the possibility of arching of these materials is low.

3.6 Mould Growth
3.6.1 Inhibiting mould growth
The results from the study carried out mould growth suggested that there are different
ways in which the mould growth can be controlled. But their application needs further
investigation and assessment. Fungi produce a wide variety of metabolites that are
toxic either to humans, vertebrates and other microorganisms. When the toxic effects
of the specific metabolites produced by a fungus exceed the useful antibiotic effects
the metabolites cannot be regarded as drugs and the word mycotoxin is used
(Gravesen et al, 1994).
Out of the various control strategies stated below only heat treatment tests were
carried out as a part of the project, which has been already discussed earlier. And
results from which pointed out that the growth was occurring due to airborne spores
or spores which survive even after heat treatment. Therefore to inhibit mould growth
the bulk material would have to be sealed off after pasteurisation to prevent reinfestation. The practicality of which was hard as far as the power plant fuels were
concerned.
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Table1.
2007)

Strategies

of

controlling

mycotoxins

(Maciorowski

et

Control strategies

Mode of action

Screening

Screening of infested grains/seeds by sorting by colour,
density, size, or fluoresecence (black light)
Broken grain particles can have higher levels of
mycotoxins as compared to intact grain.
Added to stored grain to prevent mould growth.
Chemically denatures mycotoxins
Irradiation of grain prior to storage to kill fungi.
Physically deavtivates mycotoxins
Denaturation of mycotoxins by heating during cooking,
extrusion, and/or pelleting.
Some mycotoxins resist denaturation even at temp
approaching 260°C.
Chemical inactivation of mycotoxins

Propionic acid
UV irradiation
Heat treatment

Calcuim hydroxide, Sodium
bisulphate, Hydrogen Peroxide,
Sodium hypochlorite
Aluminosilicate clays
Ammoniation
Nixtamalization
Ozonation

al.,

Binds mycotoxins in the gastrointestinal tract to
prevent adsoption.
Uses ammonium hydroxide or gaseous ammonia to
denature mycotoxins under alkaline condition.
Boiling maize and soaking in calcuim oxide (lime) to
produce tortilla flour.
Gaseous or aqueous ozone is passed through grains to
cause oxidative deactivation of mycotoxins.

3.6.2 Voidage
Voidage is an important factor as far as mould growth of the cereal co-products are
concerned, it was concluded from the fact that the mixture of the full size range
Dawmill coal and CCP fines, which were left in the closed small annular shear tester,
did not mould even after a week inside the closed environment of the tester lid and
trough. The weight of the lid of the cell was adequate to make all the air escape from
the mix of the coal/biomass fines mix to stop the mould from growing in the sample
in the trough. Also the material, which was mixed and left inside the tester, was a
mixture of coal/CCP fines and hence the possibility of percentage of interstitial voids
was minimum. Whereas the mixture of the full range of the biomass and coal in the
Perspex half hopper specimen discussed earlier on with adequate voidage between
particles led to mould growth within a week

3.6.3 Hazards of mould growth
The Bacteria and microbiological organisms are covered by COSHH (Control of
Substances Hazardous to Health). COSHH Regulations 2002 has been amended now
to control exposure to agricultural dusts and protect workers' health.

Report prepared by N S Khan as part of PhD thesis work

28

Figure 21. Mould growth occurring on the biomass co-firing plant (Courtesy E.ON, UK)

The main types of toxins, which are of concern in the power generation industry
handing biomass, are mycotoxins and endotoxins (bacterial cell wall toxins). More
lately research was carried out and it’s recommendation to the HSE (Health and
Safety Executive) was published in RR540 research report 2007. And the objective of
the study mainly circulated around the inhalation of air borne microorganisms and
their associated contaminants and identification of the predominant microorganisms
and endotoxins involved. The keys findings, which are important to the scope of this
project, are as below.
•

UK Grain workers were frequently found to be exposed to more than 1 million
bacteria and fungi per m3. Air borne bacteria exceeded 106 per m3 air and
fungi exceeded 105 per m3 air at work places sampled.

•

The Maximum Exposure Limit (MEL) for grain dust is an average of 10
mg/m3 of total inhalable dust in the air over an 8-hour period, and maximum
dust level should not exceed 30 mg/m3 over a 10-minute period this limit came
into effect on 1 January 1992. And 17 out of 19 work places visited in the
study undertaken recorded levels equal to or higher than 30 mg/m3.

These findings and the study concluded to give some very important
recommendations to Health and Safety Executive (HSE), UK, which can also be
applied, to power generation industry. They are briefly as given below.
•

The health effects of high endotoxin exposure and effects of its inhalation with
other containments require further investigation.

•

The study highlighted the dangers of exposure to microorganisms and their
toxins in apparently ‘clean’ areas where currently personal respiratory
equipment is not worn.

Hence the danger of high exposure to these moulds has the potential to cause
irreversible health effects to personnel working on the plant.
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3.6.4 Artificial mould growth investigation
Procedure: The fungi that grew on the biomass under consideration were broadly
identified as Pencillium, Aspergillum and Rhizopus for the different kinds of biomass.
To understand the way in which the mould grew inside a hopper and finally caked
inside it, a full size range Dawmill Coal and CCP pellets were hand mixed for 3
minutes and feed inside a Perspex half hopper to investigate the mould growth
process. These stages are described and presented in the pictures given below.
Stage 1: The material was hand mixed in the ratio of 90:10 in a plastic bag for 3
minutes before it was feed through a mild steel hopper into the Perspex half hopper.
Stage 2: The exothermic vapours are further intensified and the vapours condensed
against the side of the Perspex hopper.
Stage 3: The mould is fully-grown in a week’s time with greenish white fungi
growth, which could be seen on the Perspex with a strong fermentation smell evolving
from the material on removing the moisture seal from the Perspex hopper. (Fig 8)

Figure 22. Stage 3 of the moulding process in the Perspex Half hopper
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Conclusions and Future Work

4.0 Conclusions
•

It was determined through the characterisation experiments on the 90:10
coal/CCP mixes that they are more free flowing than coal and biomass
individually. Hence the results suggest that mixing of the coal and the biomass
help in the flow the material as a whole.

•

For the 90:10 Coal:MPN mix, was found to be less free flowing than the MPN
individually.

•

Caking tests undertaken gave the results that with the increase in the
percentage of biomass to that of the coal in the mix, there is an increase in the
strength obtained by caking of coal/biomass mix due to mould growth.

•

The calculation of the minimum arching dimensions for coal, CCP and MPN
and then comparing it to the existing dimensions in the power plant suggested
that all were within the arching dimensions of mill feed bunker.

•

Mould growth study carried out on the coal/biomass mixes suggested that
mould growth was occurring due to a biologically driven caking process.

•

Segregation results suggested that no segregation or de mixing was occurring
in the 90:10 mix at both 14% and 22% wet basis moisture of the Dawmill coal.

•

Large Annular shear tester gives comparable results with the small annular
shear tester irrespective of the particle size difference of material tested.

5.0 Future Work
5.1 In area of mould growth
The mycotoxins and endotoxins, which are produced in the mould growth of
coal/CCP mix, have to be identified. Since there is a wide number of mycotoxins and
correct identification is very important to understand the caking of the any
coal/biomass mixes. Since not all microorganisms activity leads to caking in the
mixes.
Different control strategies for inhibiting the growth of the mould were identified in
this investigation but practical implementation of these strategies in power plant
environment needs further investigation. The difficulty comes in where handling such
large amounts of biomass materials and making them go through a control process
before being mixed with the coal.
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The potential control processes which are more economical to the power plant have to
be identified the possible ones are ammonia fumigation and introduction of propionic
acid into the CCP. But only when they are studied can we come to any conclusions on
the process and its implementation.
Effects on health of the personnel working on plant and while handling such biomass
materials and their by products is a important area of concern. The work done by HS
(Health and Safety) laboratory is commendable and has been discussed in the earlier
sections but there is a great need to carry out work especially in the mycotoxins and
endotoxins formed in biomass co-firing power plants were the exposure to such toxins
is different from the cases, which were under consideration in the report. But also the
recommendations made by the report can be implemented on an immediate basis until
further study is carried out in the field.

5.2 Flow characteristics of coal/biomass mixes
The project has investigated the flow characteristics of coal/biomass mixes using only
Cereal co-products (CCP) and Milled Palm Nuts (MPN) in the different testers
described above. This work can be translated to other biomass materials which are
mixed along with coal in the different power plants in the UK and elsewhere. The
potential biomass materials, which are potential co-firing fuel such as Mischanthus,
Short Rotation Coppice (SRC) etc.
Ratio of biomass in coal/biomass mixture is crucial to the flow as well as combustion
characteristics of the mix. The mix ratio that is widely used in the co-firing process is
90:10 i.e is 90 percentage of coal mixed with 10 percentage of biomass by weight.
The upper limit of the different biomass, which can be mixed with the coal, can be
investigated further which will help determine the chance of further increasing the
biomass percentage in the mix and hence obtain higher percentages of the carbon
emissions reductions.
All other future work will be explained in detail in PhD thesis work to be published
by Khan 2008.

6.0 Publications
Two conference papers have come out as an outcome of the project they were
presented at the 5th international conference for conveying and handling of particulate
solids. These are going to be submitted for journal publication.
•

Caking Behaviour investigation with coal/biomass mixes using uniaxial tester

•

Handling characteristics of biomass/coal mixes for co-firing: Failure
properties of mixes
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