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Abstract

Biomass and biowaste create potential environmental and health hazards in our modern society.
Conversion of the solids into energy presents a promising avenue for sustainable energy generation.
However, economic feasibility of the approach is limited by the challenges in material handling,
particularly in developing countries whereas resource constraints amplify these obstacles. Despite
their critical importance, the complexities of material handling often evade scrutiny until operational
implementation. This paper highlights the challenges inherent in standard solid material handling
processes, preceded by a concise review of common solid waste typologies and their physical
properties, particularly those related to biomass and biowastes. It delves into the complexities of
material flow, storage, compaction, agglomeration, separation, transport, and hazard management.
Specialised characterisation techniques essential for informed process design are also discussed to
mitigate operational risks. In conclusion, the paper emphasises the necessity of a tailored framework
before the establishment of any further conversional processes. Given the heterogeneous nature of
biomaterials, material handling equipment must demonstrate adaptability to accommodate the
substantial variability in material properties in large-scale production. This approach aims to enhance
feasibility and efficacy of any energy conversion initiatives by using biomass or other solid wastes,
thereby advancing sustainable resource utilisation and environmental stewardship.

Keywords: biomass and biowaste; energy production; handling challenges; material physical
properties; characterisations; flow properties

1. Introduction

Solid waste is growing rapidly and becoming a major problem in many countries, including
agricultural and municipal wastes. A recent report by United Nations Environment Programme 2024
[1] shows that municipal solid waste generation is predicted to grow from 2.1 billion tonnes in 2023
to 3.8 billion tonnes by 2050. Approximately 70% of the total municipal solid waste collected was
disposed of in landfills, 19% was recycled, and 11% was used for energy recovery [2,3]. However,
municipal solid waste typically does not include solid waste from other sources, such as agriculture
or industrial production [4], so these are in addition. The major barriers to waste recycling or energy
recovery from waste solids are the economic costs and the technical complexity of the processes [5].
Compared with considerations of calorific values and chemistry of the solid wastes in combustion,
solid material handling for processing the wastes invariably gets much less attention in the design of
a conversion process [6]. Unlike conventional power generation from fossil fuels such as coal, the
costs for material handling equipment in energy production from solid wastes can be more than two-
thirds of the total costs of the entire process, simply because of the nature of the waste materials [7].
However, in spite of these challenges, the authors have observed that materials handling equipment
sub-contracts are usually awarded on a “lowest bidder” basis with no consideration of the technical
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challenges and suitability of solutions offered, which naturally ensures the contracts are let to
companies who do not understand the technical complexity of the problem, inevitably leading to
delays, cost over-runs and poor performance.

Compared to conventional fossil fuels such as coal and natural gas, solid wastes come from
much more varied sources, such as agriculture waste, municipal waste, biological food waste,
electronic waste, automobile recycling waste, plastic waste and hazardous solid wastes such as
medical waste, many of which could be used for energy recovery [8]. However, nowadays, most solid
wastes are directly landfilled, which saves costs, but this causes significant impacts on the
environment and human health [9]. Solid waste must be recycled or reclaimed to protect the
environment, with energy recovery from solid waste residues serving as a sustainable fuel source for
heat or electricity generation [10]. However, it should be noted that whilst the biogenic fraction of
these residues offers a carbon-neutral energy source, the non-biogenic fraction releases fossil carbon
when burned.

Many studies on energy production from solid wastes have been reported previously [11]. Direct
combustion (incineration) of solid waste is a common method for treating combustible waste [6]. In
this process, solid waste is generally treated by size reduction and removal of any contaminants that
cannot be burned and then injected into a furnace for combustion. The advantage of incineration is
that it is a simple and economical process, requiring no complex fuel preparations [12]. However, it
still involves material handling such as size reduction, drying and classifying processes. Other
methods for converting solid waste to energy include gasification [13], pyrolysis [14], and biological
digestion [11]. Although the quality of fuels produced can be significantly improved through these
methods, the requirements for fuel preparation and the number of process stages also increase
substantially [15]. For gasification, the treatment temperature can be up to 1500°C, and the feed
particle size needs to be less than 100 mm. A higher treatment temperature usually requires smaller
feed particle sizes [16]. Pyrolysis is used to convert biomass to biochar, bio-oil, and syngas by heating
them up to 800 °C, which depends on the pyrolysis methods and the waste materials [17]. Pyrolysis
can be complicated, especially for fast pyrolysis where particle size is one of the major influence
factors for the yields, and the size can be smaller than 10-20 mm [18]. It has been observed that smaller
particle sizes result in higher syngas and bio-oil yields, accompanied by less char and lower levels of
hydrogen and carbon monoxide in the syngas [19], but also introduce additional challenges to
material handling processes.

In these conversions, solids must be processed in several stages, from the collection of raw
materials to the production of energy products. Material handling of the solids may face different
challenges at different stages [6,7,15]. Especially for biowaste or reclaimed waste from scrapped
materials, the solids may contain different ingredients with extreme particle sizes and shapes and
typically have a high level of water content [20]. These solids can be highly compressible, highly
cohesive, have low bulk density, and exhibit high dust contamination [9,20]. These special
characteristics of solid wastes create significant challenges in material handling processes, which
have been widely noticed but rarely addressed [7,15]. The biggest challenge in biomass handling can
be storage, which may face high risks of fire, dust emissions and interruptions of the process by flow
failures of solid particles in discharges of silos or hoppers [21]. The other challenges in the process
can be caking and agglomerations of materials. High water content is also a serious concern because
the water must be evaporated before or during thermal processing, which consumes a significant
amount of energy. For this reason, many biowaste streams, such as food waste, animal waste, and
sewage sludge, are not autothermic; in these cases, the high energy required to drive off the water
makes combustion or pyrolysis uneconomic, pushing them more towards digestion, where the high
water content is not a problem.

It is essential to understand that the material handling process cannot be determined solely by
the name of the waste, which is commonly the case in practice, leading to poor performance or even
the complete failure of solids handling systems. The challenges of material handling for biowaste
materials can be severe and sometimes even dangerous and life-threatening if the waste is stored in
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silos for an extended period. The Wolfson Centre has observed that the risks arising from these
dangers are often not recognised until the process fails or damage or disaster is created, such as fire,
dust explosions, or structural failure of process vessels. This paper, therefore, focuses on the
challenges that can arise in material handling processes for biomass and other common solid wastes
due to material properties. Challenges in material characterisation for the materials are also discussed
in relation to process design. It concludes that the handling of biomass materials can face some
unusual challenges due to extreme particle sizes and shapes, high moisture content, high
compressibility, and biological reactions. The design of material handling systems for such wastes
and biomass materials cannot rely simply on the name of waste and previous experience or
conventional characterisation methods. There is not a best solution, but the best suggestion is:
‘KNOW YOUR ENEMY FIRST’; in other words, study carefully the handling and behavioural
properties of the particular material stream in question before choosing and sizing equipment, and
do not assume that solutions that have worked previously that happens to share the same name, will
work again.

2. Biomass and Other Solid Wastes

Biomass and other solid wastes generated in human life are extremely varied and were disposed
of naturally before the Industrial Revolution. Nowadays, converting solid waste to energy is a
sustainable way to reduce its impact, but it can be expensive due to the material properties of different
types of waste, leading to more complex processes. The common types of solid waste that can be used
for energy recovery are briefly discussed here in terms of their material, physical, and mechanical
properties.

2.1. Biomass

Biomass is a broad category of solid waste commonly generated from agriculture, food
processing, and forestry, some of which were previously landfilled or burned in the field [22,23]. It
has been recognised as a source of renewable energy for about 30 years, helping to reduce pollution
and carbon emissions as a replacement for fossil fuels [24]. Although it has been used for heat
generation throughout human history, long before fossil fuels were known, its use in this context has
gained significance in recent years. However, it becomes extremely challenging when massive
quantities of biomass materials are in mass production, such as for electricity generation and
domestic heating [25,26].

The nature of the biomass materials can be extremely varied, such as herbaceous and agricultural
(wheat straw, barley straw, corn cobs, grass, sugar cane, bamboo, agave bagasse), wood (eucalyptus,
pine, oak, poplar) or bark, forest residues, wastes from farms and food processes, and biowastes from
municipal waste, etc. [27]. The first obvious difference between mineral fuels, such as coal, and
biomass is the appearance of biomass, which varies depending on the type of biomass. Most biomass
solids are light (low bulk density) with extreme particle shapes (see Figure 1). Quite often, biomass
contains a high level of water when they are fresh, sometimes up to 60% - 70% of the total mass,
which can be internal and/or external [28]. Sometimes, it contains a high level of oils such as nut
kernel residues (Figure 1).
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Figure 1. Chopped miscanthus straws (Left) and nut kernel waste (Right).

The popular sources of biomass used for energy recovery include farm wastes from agricultural
lands [22], special residues of agricultural products such as coffee grounds or nut shells [29], wastes
of wood production [30], forest residues [31], energy herbaceous production [32] and domestic wastes
such garden wastes. The variations of biomass waste sources, and their widely varying behavioural
characteristics, make the material handling extremely difficult in terms of storage and transport [33].
Large production for energy generation makes the processes more efficient and economical.
However, due to the varied sources of biomass, it is more likely that the waste needs to be collected
from varied locations with tiny amounts of solids and aggregates [34]. Therefore, the collection and
transport of biomass can be the first barrier to using biomass in energy production.

2.2. Municipal Solid Waste

Municipal solid waste (MSW) is one of the most common types of waste, typically with an
extremely large quantity available. Due to the diverse range of human activities involved, the MSW
generated is primarily from households (55-80%), market or commercial areas (10-30%), and sewage
sludge [10,35]. The MSW typically consists of kitchen waste, yard waste, paper and cardboard, waste
plastic and rubber, metal, glass, electronic waste, and inert materials, which are generated from
dwellings, industries, streets, institutions, and many other places [36]. Generally, solid from such
sources is heterogeneous in nature, and it can have variable physical and chemical characteristics
depending on its original sources [20]. The compositions of MSW are subject to where and when the
MSWs are collected; for example, household wastes can contain food waste, plastics, wood, metals,
papers, rubbers, leather, batteries, inert materials, textiles, paint containers, demolition and
construction materials as well as many others wastes [37].

The appearance of MSWs is commonly dry; however, many MSWs have a high level of water
and biological content, such as sewage sludge [38]. Except for landfilling directly, these types of solid
wastes need to undergo water reduction before being used for energy generation, as high-water
content often means they are non-autothermic or have a deficient calorific value [39]. Due to the
varied sources of the MSWs, on the one hand, the MSW solids may have significantly different
particle sizes and commonly with extreme particle shapes (see Figure 2(a)) and varied solid densities
and may contain high levels of oil or water and other hazardous substances that may not be suitable
for combustion. On the other hand, utilising MSWs for energy recovery, incorporating drying,
separation, and size reduction, is an essential disposal route, as much of the content is not recyclable;
however, it may face significant technical and economic challenges [40,41]. Obtaining the necessary
permits and planning consent can also be a long process. The Wolfson Centre has observed that it is
common for such facilities in the UK to take twenty years from inception to operation.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.0487.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2025 d0i:10.20944/preprints202507.0487.v1

5 of 29

/% UNIVERSITY of
& GREENWICH |

The Wolfson Centre
for Bulk Solids Hanaling Tecnnology 8

‘HUiIIIWIIWUIIHWMWW%‘IWHH&

= 1

(a) (b)
Figure 2. (a) Municipal solid refuse, and (b) Shredded PET bottles.

2.3. Waste from Food Processing Industries

Compared to the food waste in MSWs, biowaste from the food processing industry presents
large volumes of solids generated from the production, preparation, and consumption of foods. These
biowastes have a wide variety, including byproducts of foodstuffs such as sugar cane residues,
residues of fruits and vegetables, and wastes from meats and poultry, such as chicken feathers [42].
Unlike other solid wastes, all the biowastes from food processing industry have a high level of water
or oil residues [43]. Where the food waste arises through an industrial process, each waste stream
normally has fairly good uniformity of particle size and shape, and compositions or biological
ingredients [44]; however, each stream may be fairly limited in quantity, and across the whole food
waste landscape there is a massive range of compositions and properties

Currently, solid wastes from food processing are mostly landfilled or composted. The solid
wastes from industrial streams have large contents of biodegradable organic matter, which comprises
different components such as fats, oils, protein, carbohydrates, etc. [45]. These characteristics make
many organic food wastes suited to anaerobic digestion or fermentation and the production of
energy-rich biofuels, like butanol [46,47]. When using the food wastes for bio-digestion or
combustion for heat or electricity generation, the process will have to deal with material handling,
storage and processing of a high level of liquid contents, where extra difficulties may be found in
storage, transport, drying process, dust control and wide-ranging calorific value [48]. A list of food
processing waste samples provided by Saba [45] indicates that all 46 samples have a high level of
either oil or water content, whereas a low bulk density can be observed for fluffy or sticky particles
when the material is wet. The particle size of food solid waste can vary from dust to millimetres [49].
All variations in material characteristics can influence material handling processes [50].

2.4. E-Scrap and Plastic Waste

The solid waste generated from electrical and electronic equipment (also known as e-scrap
waste) is rapidly increasing and has become the fastest-growing waste stream in industrialised areas
[51,52]. Each year, over 50 million metric tons of e-scrap waste are produced globally, with an annual
increase rate of about 3-4% [53]. Due to the shorter lifecycles of electronic products, the recovery of
valuable metals from e-scrap waste is of economic interest; incineration is a common method for
doing that [54]. In the case of burning e-waste for metal recovery, the heat generated can be utilised
for converting the waste into other forms of energy, such as renewable energy resources [55].
However, the calorific value of the e-waste is limited as only the plastic contributes burning [55].

The e-wastes consist of varied substances. A critical part is printed circuit boards (PCBs), which
is made of plastic [56]. However, various other parts used in manufacturing, such as the casings of
the equipment, are often made of plastic [57]. Therefore, e-waste is a diverse and complex type of
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waste, containing both hazardous and non-hazardous components. In these, steel can be more than
50%, while copper, aluminium, and other metals can account for 13% or more, with approximately
21% of plastics and small percentages of other substances, including thousands of a wide variety of
substances [57,58]. For energy recovery, e-scrap waste is clearly not a good fuel. Instead of heavy
metal recovery, energy generation can be a byproduct of the e-scraps process, as incineration remains
a primary process method [59]. The industry has recently seen substantial growth in specialist e-scrap
recycling, driven by increasing awareness of the financial rewards from recovering copper, gold, and
other valuable metals in scrap.

In total, the e-waste generated in 2019 (53.6 Mt) was reported to consist of small equipment (17.4
Mt), large equipment (13.1 Mt), heat exchanging devices (0.3 Mt), screens and monitors (6.7 Mt), and
small IT equipment (4.7 Mt) [60]. In e-waste processing, size reduction is essential, regardless of the
purpose. The size and shape of shredded e-waste solids can be extremely varied, especially in terms
of electrical wire waste. However, the e-waste normally does not contain any water unless the waste
has been stored openly in a scrap yard. Therefore, the main challenges for handling aspects will be
the varied particle sizes and the special particle shapes.

Plastic is a special product generated during the lifecycle of synthetic polymers (plastics), which
began in the 1940s [61]. The global plastic production reached about 367 million metric tons in 2020
[62]. According to a study by Geyer et al. [63], approximately 76% of primary plastics produced
between 1950 and 2015 (8,300 Mt) were discarded as waste. Of this waste, 77.8% was sent to landfill
sites, 12.7% to incineration plants, and only 9.5% was recycled. Nowadays, it is widely held that
plastic waste should be either recycled or reprocessed rather than landfilled to minimise the
environment impacts [64]. However, recycling and reprocessing are not easy because plastic waste
comes in so many varieties (incompatible with processing) that the efforts and costs for sorting and
processing the plastic waste are enormous [65]. A significant amount of research effort has been
devoted to deriving liquid fuels from plastics, which is technically possible but not economically
viable. Furthermore, even if this process were to occur, it would still result in the release of fossil
carbon when the fuel is burned [66]. Due to the difficulty and high cost of recycling and reprocessing,
a significant proportion of plastic waste ends up in either landfills or energy recovery facilities [64,67].
Energy recovery from plastics emits fossil carbon, whereas responsible landfilling could be
considered an effective way of long-term carbon storage.

The plastics used are from almost every sector (i.e., domestic, food packaging, industry, etc.),
which means the plastic waste can come in the forms of a final product such as plastic bottles, an end-
of-life product such as used tyres, or parts of other solid wastes such as municipal wastes and e-
waste. An example is shown in Figure 2(b). Kibria, et al. [68] summarised the sources of plastic waste;
household wastes mainly contained disposable materials generated by households; industrial plastic
wastes produced from massive manufacturing, processing, and packaging industries; plastic wastes
from agriculture generated from used nets and coverings to protect crops; and medical plastic wastes
generated with modern medical advanced technologies and service coverage of health sectors, etc.
These plastic wastes can exhibit special properties, such as elastoplasticity, extreme particle shapes,
including thin films or long strings, and complex chemical compositions [69]. In the processing of
plastic waste, these material properties create significant challenges in transport, storage, and
separation, which will add high costs to the processes [69]. Many of these plastic wastes are heavily
contaminated with food, medical, and other waste, as well as water, or laminated with paper and
metal in sophisticated packaging structures, further complicating their recycling and reuse [10,57,70].

2.5. Hazardous Wastes

All solid wastes can be hazardous to some degree, although some are considered less hazardous.
The wastes, such as food waste, biomass, etc., have low hazard, but the wastes such as plastics, e-
scrap and medical waste are heavily hazardous wastes [71]. Compared to low-hazard wastes,
treatments of hazardous wastes can be more complicated and more expensive [71]. The waste is
designated as “hazardous’, which used to be classified by the degree of hazard posed by wastes, such
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as in physical form, chemical composition, reactivity (fire and explosion) and quantities, biological
and ecological effects (i.e. bioavailability, toxicity, ecotoxicity), chemical contaminations and mobility
in various environmental media, persistence in the environment, and indirect health effects, etc. [72].
Therefore, most of the hazardous wastes mentioned here require treatment by incineration unless
they can be recycled directly and used as raw materials [73].

As incineration is a common method for treating hazardous waste, it is a good candidate for
energy recovery. A recent paper presented a novel approach using a hazardous industrial waste
incineration system as an example for energy and hydrogen production [74]. In such a system, the
hazardous industrial waste was processed through several processes before reaching the incinerator.
The case demonstrates that solid hazardous waste requires processing before combustion, rather than
solely considering combustion properties, such as calorific value and ash treatment [6,75]. For the
incineration of hazardous solid waste, extra attention must be paid to the emission of toxic
substances, which may require additional controls and process stages beyond those for non-
hazardous wastes, such as extra filtration or scrubbing of hazardous or odorous gases and solid dust
[76,77].

2.6. General Remarks on Solid Wastes for Energy

In summary, solid wastes are fast-growing and need to be processed or recycled to minimise the
environmental impacts on human life. With about 70% of solid waste still ends up in landfills [2,3]; it
needs to stop it including landfill tax [78], as it is considered a less favourable means of treating it, as
it loses the reusable resource and can itself create a hazard from leaching and fire. Instead, using solid
waste for energy is a sustainable way to solve the problems. The following general remarks on solid
waste status are:

1. Solid wastes have an extremely wide range of varieties, including biomass, municipal waste,
food waste from the process industry, electronic and electrical waste, and plastic waste, among
others.

2.  Solid waste can be non-hazardous, but most of the time, it is hazardous in various forms. Due
to the quantity of solid waste, even for non-hazardous waste, landfills will no longer be a
favourable solution.

3. Incineration is an alternative solution. Therefore, using solid wastes for energy production, such
as heat and electricity, is widely favoured. Burning the biogenic fraction (such as paper and
food waste) can be favourable because it creates renewable, low-carbon energy, but burning the
non-biogenic fraction (mostly plastics) releases fossil carbon, so it should be avoided where
possible.

4. In many solid waste treatment processes, costs and environmental impacts are the primary
barriers to effectively and efficiently utilising waste for energy (for example, low or even
negative calorific value in wastes with high water content).

5. Material handling challenges with solid waste are commonly overlooked when developing
energy from waste projects, but problems in handling have often led to significant financial
losses and even complete project failure when the processes are implemented.

6. Solid wastes commonly exhibit special material characteristics, which pose challenges in both
material characterisation and process design and operations.

3. Material Properties and Challenges in Characterisation

It has been recognised that solid waste has extremely wide varieties, including physical
properties and chemical compositions, which means that the properties of any given waste stream
cannot be interpreted simply by a ‘name.” Generally, for any bulk solids, material characteristics
include particle mean size, solid density, bulk density, and flow properties such as the angle of repose
and tendency to arch [79]. However, solid wastes need to be considered for some special
characteristics, typically due to high water contents, unique particle shapes, biological reactions
(biogenic self-heating), and dust emissivity, among others [80]. Essential requirements for
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characterising solid waste include the selection of a “representative sample,” a wide range of test
conditions, and special characterisation techniques, with careful consideration of upstream
processing and changes thereto. Here, common material properties of solid wastes and suitable
characterisations are discussed.

3.1. Particle Size and Shapes

Particle size and shape are the most basic physical properties of solid particulates in the material
handling process. For solid wastes, particle size and shape can vary significantly from type to type,
depending on the ingredients in the waste, where particles can have more irregular shapes, making
it difficult to define particle size using standard definitions. Frequently, solid particle size is
characterised by a meaning of particle diameter, which is independent of particle orientation if the
particles do not have an extreme dimension [81]. The particle shape factor is sometimes used to
correct for the influence of the extreme dimension on the non-sphericity of the particles [82].

Because raw solid wastes come from a very wide range of sources, the particles often cannot be
defined by a normal size or a size distribution due to irregular particle shapes. In terms of particle
shape, most solid wastes have one or two extreme dimensions, such as chopped straw in Figure 3(a),
or shredded PET bottles in Figure 2(b). Some waste particles can be very irregular, extending beyond

three dimensions, such as glass cullet in Figure 3(b).

(a) (b)

Figure 3. Difference of particle shapes between (a) straw, and (b) glass cullet.

Most of the time, solid wastes need to be shredded or size-reduced to minimise the size
differences in the bulk before they can be transported to another place for further processing. Size
reduction for solid waste processing is critical and essential, even for landfilling of the waste [83,84],
but it can be challenging, and various types of crushing or shredding processes are required across
the range of different biomass. Figure 4 shows an example of raw waste tyres at the collection site,
shredded waste tyres to reduce the volume of transportation, and crumbed waste tyres as reclaimed
materials. Different handling techniques are required for these different types of waste tyres, as they
have distinct material characteristics, despite being fundamentally the same waste materials.
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(a) (b) (©)
Figure 4. : Waste tyres (a) raw, (b) shredded, and (c) crumbed.

According to the dimensions of particle sides, the particle can be classified into three groups
using a classification system introduced by the Wolfson Centre in 2004 [81]: rounded particles with
roughly equant dimensions for all sizes, without cohesion as ‘Class 1’, similar particle shapes but
with significant particle cohesiveness as ‘Class 2’, and extreme shape particles — both flake shaped
particles with two long sides and one very short side compared to the other two, and string/fibre
particles with one very long dimension compared to the other two sides - as ‘Class 3.

This classification can be important and useful when interpreting the type of solid waste from a
handling perspective by considering particle physical properties. For ‘Class1’ particles, the particles
behave like other free-flowing or easy-flowing “traditional” bulk materials (dry coal, iron ore pellets,
grain etc.) with little trouble; however, problems in handling such particles can arise due to reasons
such as water or oil contents or a high percentage of fine particles which contribute high cohesiveness
of the particles, i.e. ‘Class 2" as defined above; however, again these are no different in their handling
properties from traditional ‘Class 2" solids such as wet coal or iron ore fines, soya meal, etc. Flaky or
stringy particles, which are the ‘Class 3’ materials because of their extreme particle shape, will present
vastly greater problems in material handling. Unfortunately, many solid wastes fall into the ‘Class 3’
category.

The ‘Class 3’ materials will defeat the most existing characterisation techniques, such as
mechanical sieving or laser diffraction particle size analysis. Because the ‘Class 3" materials have at
least one extreme dimension, the particles are commonly interlocking due to the extreme dimension,
which significantly changes other material properties such as bulk density and flow properties [85],
giving them very difficult flow properties and great potential to resist flow and cause “hang-ups”
even though they are not cohesive.

3.2. Solid and Bulk Density

Solid density and bulk density of solids are also important characteristics of bulk solid materials,
which are defined as the total mass of the solids in a unit of volume [86,88]. For solid wastes, the solid
density is less important than the bulk density in material handling; however, the solid density of
solid wastes can vary significantly in bulk due to contaminations such as metals.

For solid wastes, the bulk density can be influenced by various factors, including the
composition of the waste, particle size and shape, and storage loads [87]. For some solid wastes, the
bulk density can be very low, such as biomass, which creates numerous challenges, including the
need for a huge storage capacity and poor transport efficiency. Variation in bulk density under
loading force for such materials is also a problem, often spanning a range of up to 3 or 4 times between
low and high loading stresses. A recent study clearly distinguished the bulk densities of dry, mixed,
and ordinary kitchen waste as <115, 115-211, and>211 kg/m?, respectively [88].

To characterise the bulk density of solid wastes, the challenges include the water content in the
solids both internally and externally, particle interlocking, variable particle size, and high
compressibility [89]. For many raw solid wastes, the mixture of different types of input solid wastes
can influence the measurement of the overall bulk density due to the varied solid densities of each
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ingredient [90]. A representative sample for the measurement can be a challenge compared to the
variations found in most “traditional” bulk materials. However, conventional methods can still be
used to measure the bulk density of solid wastes with a standard volume. A larger volume would be
beneficial in minimising variations in the sample selections.

3.3. Water Contents

For most solid wastes, high water content is extremely common, such as biomass waste, food
waste, sewage sludge from municipal waste, and even some dry solid wastes, which may be stored
in an open area for a while and become dampened by rainwater or snow [91,92]. In the literature, it
is reported that the water content in solid wastes can be as high as 88% in some extreme cases [91].
In municipal solid wastes, the water mainly comes from kitchen waste and other food waste; the
typical water content of kitchen waste is about 70% [93]. As mentioned, biomass wastes typically
contain up to 60% - 70% water by total mass, both internally and externally [28].

High water content in bulk solids has a significant impact on the physical and bulk properties
of the material [94], as well as the processability discussed above. A direct impact of the moisture
content is the cohesiveness of the solid materials; a high moisture content results in a high
cohesiveness in the material. Unless the water is saturated in the solids, the water in the solids can be
held both on the surface and inside the solids. It is the surface moisture of solids that has a direct
influence on particle adhesion and internal friction of the solids. However, the internal moisture of
solids may influence the surface moisture when environmental conditions change, due to moisture
migration caused by temperature differences, mechanical stress, and/or gravitational settlement or
drainage. When solids with a moisture content are handled in a process, the influences created by the
water and the extra cohesionless material will cause difficulties in discharging material from storage
or conveying it through transport [95].

Characterising water content in solid wastes can be challenging due to the type of moisture in
the wastes and the types of solid wastes. For organic or porous solids, although surface moisture has
a more direct impact on material handling properties, internal moisture within the solids can
significantly influence surface moisture due to water migration from the interior to the surface of the
particles [96]. For energy recovery, many solid wastes are organic or porous materials, even for e-
scrap wastes [53]. Whether for material handling or processing, a high level of water content in the
solids will create adverse effects and challenges in the process; therefore, it is imperative to
characterise the moisture content and understand how the moisture, its potential variations, and
migration affect its physical behaviour.

3.4. Flow Behaviours

In material handling, flowability is one of the important characteristics of the solids, indicating
the handleability of bulk materials [97,98]. Because solids can sustain stresses to variable thresholds
according to their structure and stress history with a degree of elastic deformation, failure to move
(or flow) when it does occur is rarely uniform and may result in two common failures of solid flow
in hoppers or silos as shown in Figure 5(a) and (b). Even if the solids do flow through the storage;
there are two typical flow patterns in a store, core flow and mass flow which highly depends on the
material properties and vessel geometry as shown in Figure 5(c) and (d). For solid wastes, material
flowability is more complicated due to the significantly varied particle size and shape, high
cohesiveness resulting from high moisture contents, high compressibility, and varied bulk density
under loading stress. The material characteristics create considerable challenges in controlling solids
flow through storage and moving the solids in transport.
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Figure 5. Two common failures of solid flow in hoppers and silos: (a) rat-hole (b) arching, and two common flow

patterns in hoppers and silos: (c) core flow and (d) mass flow.

Classic descriptions of flowability for bulk solids such as ‘free flowing’ or “poor flowing’ are
subjective and only reflect a specific condition in particular circumstances. A powder can appear to
be ‘free flowing” when it is loosely poured but may settle to a substantial and stable condition when
de-aerated or subject to compacting stress. Dry, rounded particles usually flow nicely but may have
extreme difficulties in flowing if damp or ‘caked” due to the presence of tiny liquid bridges binding
particles together [97].

There are various techniques that attempt to quantify ‘flowability’, including Jenike’s shear cell
test [99], the Carr Index [100], a triaxial cell for investigating the strength and deformation behaviour
of soils at high stresses [101], and the direct shear cell test [102]. These conventional techniques work
well for most of ‘Class 1" and ‘Class 2’ solid materials but are not suitable for ‘Class 3" materials.
However, many solid waste materials fall into the ‘Class 3" category due to their extreme particle
shapes, such as long, stringy particles or shredded sheet materials. For identifying ‘Class 3’
(entangling) materials, the column test shown in Figure 6(a) is a quick and easy method. A shape
material can form a stable column without collapsing, whereas free-flowing or cohesive materials
will form a heap (paper in preparation by the current authors). An example of matchsticks is shown
in Figure 6(b). Clearly, when characterising the ‘Class 3’ materials, most conventional characterisation
techniques are not suitable for particle flowability measurements. Instead, the selection of an
appropriate method will depend on the material physical properties.

a) Column filling b)

Free-flowing
material
Angle of
repose

.
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Figure 6. Column test for identifying “Class 3” (entangling) materials: (a) principle (b) testing of matchsticks.

3.5. Compression and Compaction

Biomass and biowastes can be highly compressible due to their high cohesiveness or irregular
particle shapes, which means that loose bulk solids require more storage space because of their low
bulk density. A study reported that the compaction of wastes at landfills was the main factor in
controlling short-term density and the placement efficiency of wastes in landfills [103]. Maximising
the bulk density of solid wastes not only allows for increased storage capacity but also improves the
handleability of the solids, enabling them to easily pass through the processes without additional
processing capacity or costs [104].

As shown in Figure 7(a), if ordinary bulk solids are not highly elastic, many interparticle forces
rotate horizontally when the solids are compressed vertically. The material spreads laterally. For the
‘Class 3’ materials, which are often classified as solid wastes, when the material is compressed
vertically, particles flatten during compression rather than moving relatively, and interparticle forces
become predominantly vertical, as shown in Figure 7(b). This means that obtaining flow for “Class
1”7 and “Class 2” materials only requires the application of enough force to overcome the cohesive
bonds; but when solids in ‘Class 3" are subjected to increasing force, they simply compact, the bulk
density of the solids is increased, and they resist flow even more strongly. The increased bulk density
of the solids is beneficial for reducing storage capacity but detrimental to material flow. The
compression of ‘Class 3’ particles creates strong interlocking forces between the particles, and the
solids will jam in any storage space where they are under stress.

Earlier research on waste compaction focused on compressibility, as it affects both the short-
term and long-term performance of landfills, which in turn influences storage space and composting
performance [105]. Now, energy recovery in terms of material handling needs to focus on the
variations of bulk density and the effects on bulk solid flowability due to the compression and
compaction of solid wastes [85]. The compressibility of solid wastes is crucial to the design of storage
facilities, especially when the material has a high-water content [106]. The challenge for characterising
the compressibility of solid wastes is the particle shapes and properties; if wastes are highly elastic
like polymers and rubbers, or highly cohesive like food wastes and biomass wastes, or have extreme
particle shapes like bottle flakes and metal wires, they have very different behaviour which means
they need completely different designs of handling systems and equipment. These effects need to be
considered in the compressibility characterisation.

1 d |
(a) (b)

Figure 7. Principle of solid particle compression: (a) ordinary solids (b) stringy particles.

3.6. Caking and Self-Heating

Caking of solids is a phenomenon of lump formation that has received less attention, but it
frequently occurs in waste storage due to the presence of water, which facilitates biological reactions.
However, deliberate mechanical agglomeration techniques are often employed for waste utilisation
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to mitigate the disadvantages of bulk wastes, such as heavy metal contamination or mixing with coal,
thereby producing alternative fuels for energy recovery [107].

The caking phenomenon mentioned here creates challenges with material handling in biomass
wastes [108]. Because many solid wastes contain water, the caking of solids can alter particle size, as
lumps form when the wastes are stored for extended periods, such as days to months [109]. If the
fuels are made from organic wastes, biological reactions can be fast, even within a few hours. As a
result, the material can either form lumps due to caking or generate heat or gas emissions as a result
of this biogenic action. Therefore, the bioactivity of the solids presents two challenges: one is the poor
flowability of the solids, and the other is the high risk of fire in storage [108]. The emission of offensive
odour is another common problem from biogenic activity in biomass.

Caking and self-heating of solid wastes are not easy to assess. A standardised test for self-heating
compost, called the ‘Dewar self-heating test’, has been developed [110]. The Dewar test was intended
to measure the “degree of de-composting” as a means of biologically degrading organic materials.
This method has been used for composting other organic wastes [111]. However, the Dewar test can
only evaluate the stability of the compost and demonstrate the principles of compost ageing, but the
test cannot indicate a caution on fire risks associated with self-heating. For control of silos fire caused
by caking and self-heating [112], a special characterisation method has been developed, which is a
type of uniaxial compression test with an integrated temperature instrument and gas and odour
emission measurements [113]. The authors of this paper have found that almost all large-scale
biomass handling operations will eventually experience a fire due to material self-heating. Therefore,
preparations should be made to fight such fires as an extreme aspect of normal operation, rather than
as an unexpected emergency.

3.7. Dust Emission of Biowaste Materials

Dust emission from solid wastes can be severe when the wastes are dry or are being dried in a
process such as incineration [114]. The dust emission from waste processing is highly variable,
depending on the moisture content in the solids and the size of the dust, which may also contain
mould spores and aflatoxins if the solids are organic. Therefore, the dust from solid wastes can be
much more dangerous to health than coal dust. Additionally, dust from bio-solid wastes is typically
much lighter than that from mineral or coal dust [115], allowing it to remain suspended longer and
spread further.

Dust is normally recognised as a class of solid particles which can be suspended in air [116], but
there is no upper limit to the particle size, which depends on how the dust particles are entrained
into atmosphere [117]. For dusts from solid waste, dust sizes can range from sub-millimetres to
millimetres, commonly found in every type of solid waste. The general experience of current authors
is that particles below about 100 microns are especially troublesome in terms of suspension and
spreading in plant and open environments. The common sizes of dusts can be as small as sub-
microns, which can suspend in the air for a longer time and hence travel substantial distances by air
currents. The dust from solid wastes has two obvious impacts: one is the health and safety impact,
and the other one is the material handling property impact [118]. In relation to occupational health
and safety, currently, it is recognised that particles in the region of 10, 5 and especially 2.5 microns
(“PM10”, “PM5” and “PM2.5”) are especially hazardous to health [119]; however, an additional
hazard arises from mould spores that present in many biomass materials, the breathing of which can
give rise to a highly debilitating condition known as “farmer’s lung” [120]. An accumulation of
combustible dust can result in a fire in the dead zones of material handling, posing risks to life and
equipment if a dust explosion forms in the neighbouring suspended dust [121,122].

There are varied types of assessments for “dust emissivity”, i.e. potential levels of particle
pollution from fine particulates in bulk solids [123,124]. The need for a dust emissivity test (often just
called a “dustiness test”) arises because, whilst dust is inextricably linked with particle size, a study
of particle size alone does not indicate the ability of the small particles to become separated from the
larger ones and suspended in the air. For example, if the particles have surface moisture or oil, the
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small particles will stick to the larger ones, and little dust will be emitted, even if there is a high fine
content. Conversely, if the surface is dry, small particles can become separated and become airborne
very quickly. In the industry, assessments of dust emissivity for bulk solids can inform expectations
for the potential to cause air pollution. A popular method, which the present authors have found to
be useful, is the Warren Spring Laboratory (WSL) rolling drum test method, developed in the 1980s
for powders and granular materials in the food industry, and tested under standardized conditions
[125]. The test can give a single number of dust emission as “dustiness index” or “dust number” so
different materials can be compared at the same conditions for the level of dust generated. This
method can be used for solid wastes under dry or damp conditions, except that the relative size of
the particles to the drum needs to be controlled (this is only a practical issue when particles exceed
approximately 20mm in size). There may be other influential factors that need to be considered, such
as airflow rate [126] and relative humidity [127]. Other suitable methods for special solid waste
materials, such as the drop test, can also be used for dust emission tests [128].

3.8. Fire Ignition and Explosivity

Control of fire and explosion of solid waste materials should be the highest priority in solid
waste processes because many solid wastes are combustible, making them suitable for energy
recovery. The waste materials can easily catch fire due to the ignition of dust or flammable gases
evolved, or through self-heating, as discussed above. However, this process is also affected by
various other factors, such as dust concentration [129]. The fire and explosion of waste can cause
severe environmental damage, loss of life among operators, and huge financial losses.

Dust emission is a significant source of fire or explosion in particulate materials [130]. Any
combustible material with low to moderate water content may be ignited by self-heat generated or
other fire sources such as flash generated by electric discharges [131]. Many solid wastes are
inflammable and can self-heat by themselves if the wastes are organic and presented with moisture
[132] due to biogenic heating; however, some materials can self-heat due to direct oxidation even
when dry; wood pellets are an especially common example, in which terpenes released from the
wood fibres during the pelletisation process react directly with oxygen in the interstitial air. Material
fires can potentially happen at any location in a process site, but most of them are initiated either (a)
in the large material storage volumes because of the self-heating of the materials and poor ability for
the heat to disperse or (b) where friction due to either mechanical failure (bearings or motors
overheating, especially if covered in dust) or particles or dust trapped in pinch zones create friction,
leading initially to a smouldering fire, causing incandescent embers to fall and initiate either a larger
fire or a dust explosion. For the materials, the most important characteristics related to fire ignition
and explosivity are the ignition temperature and the minimum ignition energy of the materials. The
other characteristics that can influence fire risks and explosion possibilities are particle sizes, the type
of gas released, ambient temperature, and oxygen concentrations, among others [129]. This
information can inform the choice of suitable equipment in terms of ATEX category or temperature
rating to contain the risk of ignition. The current authors have observed from incident investigations
that such fires have often occurred because the Ignition Hazard Assessments undertaken to justify
the ATEX categorisation of equipment items have overlooked the potential for mechanical failure or
material trapping to cause friction, which has been observed to initiate fires even at rubbing velocities
as low as 0.13 m/s.

Moist, bioactive materials, such as domestic waste, sewage sludge, and brewer’s spent grain, can
release flammable gases [133]. The flammable gases can be methane, hydrogen sulphide and carbon
monoxide [134]. These flammable gases can increase quickly when the environmental temperature
rises. The gas emissions not only cause dangers to humans and the environment but also offensive
odours and increase the risks of fire and explosion of waste materials. For solid waste materials, the
assessment of the risks of fire and explosion is not easy, but it is essential before any process is
implemented if the material is combustible [132,135]. However, the authors would caution that even
when the greatest care is taken, it is only a matter of time before a fire will be experienced on any
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given biomass handling system, due to unpredictable variations in material or mistakes in
overlooking cleaning etc., so a high level of preparedness for firefighting is essential; and that reliance
on emergency fire services is not an adequate approach, because such services are not used to fighting
such fires so may struggle to do so or even make matters worse.

4. Solutions for Material Handling Challenges

Solid waste processing can face significant challenges in material handling due to the variety of
wastes and special material characteristics discussed in the previous section. For example, municipal
refuse may contain many types of solid wastes including household, garden, food, plastic, and
household electronic waste, as well as highly flammable solvents and energy sources such as used
batteries, all mixed together. To process such materials for energy recovery, several processing stages
will be required, commonly including collection, drying, classification, size reduction, storage, and
transport.

In these processes, challenges of material handling can vary, including those related to material
flow in storage, effective drying, size reduction and classification, transport, and handling solids with
varying hazards, such as fire and dust explosions.

4.1. Common Processes for Energy Production from Biomass and Biowaste

A typical process for energy recovery from biomass or biowastes is shown in Figure 8, which
includes collection and transport from various locations, primary sorting and drying, crushing for
size reduction, classifying combustible solids, secondary crushing and pelletization of the solids, or
injection for direct combustion.

Primary Crushing

‘Wastes Collections Classifying
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Electricity
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Figure 8. Process of refuse-derived fuel/pellets for combustion [136].

In the most of cases for biomass and biowaste, the solids need to be collected from varied sources
and delivered to processing plant as bulk, which may include different types of solids with different
sizes and shapes as an example shown in Figure 9(a), or with high water content such as sewage
sludges shown in Figure 9(b). Processing such wastes requires answering some fundamental
questions for a project designer, as many options are available for the waste materials, but the
techniques may not be suitable for processing the solids shown in Figure 9.
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(b)

Figure 9. Wastes with special size, shape and water content (a) recycled garden waste, and (b) sewage sludge.

4.2. Challenges of Storage and Flow

Solid wastes are commonly stored in open yards or landfilled directly. For energy recovery, solid
wastes need to be collected and delivered to a process plant, where they can be burned for heat or
electricity generation. Temporary storage and transport between the storage will be essential. A key
question in the design of such a process will be: “Can the “Class 3” solids be stored and discharged
from the storage?’, as many solid wastes fall into this class in which the particles have an extreme
shape [137].

For ‘Class 1 and 2" materials, hoppers and silos can be designed using the long-established Jenike
method to allow reliable discharge under gravity in either mass flow (first-in-first-out) or core flow
(first-in-last-out) flow patterns. However, it is known that normal silos or hoppers will fail completely
for the “Class 3’ materials. The solids will stack in the silos and cannot discharge under gravity. Usual
choices for the ‘Class 3’ materials are parallel or diverging bins with full-live-bottom (see Figure
10(a)). Flat stores and front loaders are also common choices in many scrap and waste yards (see
Figure 10(b)) for waste materials with extreme particle size and shape, such as woodchips.
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Figure 10. Full-live-bottom discharger: (a) Planetary screw discharger (b) Push floor.

For the “Class 1" materials, which are rounded, free-flowing, dry particulates without many fine
particles, such as wood pellets, normal silos or hoppers will work fine without any flow issues.
However, to discharge the solids effectively, special designs of the silos or the hoppers are still highly
recommended [138]. If an improper design is applied to some ‘Class 1" materials, such as biomass
pellets, it may still create dead zones in the silos or hoppers where the materials reside for a long
time, leading to further issues, including caking and self-heating, which can result in a silo fire [139].
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For the “Class 2’ materials, the challenges of storage and flow are commonly due to the
cohesiveness of the materials caused by high water contents or high fine contents, but the particles
have regular particle shapes. The ‘Class 2" materials can be stored in normal silos or hoppers but are
likely to have discharge issues as a highly cohesive material. The ‘Class 2" materials may cake, or
agglomerate, or have a highly varied bulk density, or have self-heat due to the water present in the
storages. Additionally, discharge issues such as arching and rat holes often occur.

For assessing the ‘Class 1" and the ‘Class 2’ materials, the established characterisation of flow
properties using a shear tester to measure the flow functions and calculating the necessary hopper
geometry using the design procedure of Jenike can be applied, however, this approach fails
completely for any ‘Class 3" materials due to interlocking of particles.

4.3. Challenges of Drying Process

A waste-to-energy option, such as thermal waste treatment through incineration, requires a low
water content in the solids to improve burning efficiency. Drying process of the raw wastes is often
essential prior to combustion or pyrolysis, but costly not only due to the challenge of drying the water
effectively but also because of the challenge of handling the materials, i.e. how the materials are
presented to the heat sources in a loose or suspended form to allow the steam to escape [140], and
also the cost of obtaining the stream of heat (even if waste heat is available there is still a cost in
collecting and transporting the heat to the drying facility).

The most common drying methods currently used for drying solid wastes worldwide are bio-
drying, air-drying, solar drying, and thermal drying [140]. Bio-drying is an aerobic convective
evaporation process, which reduces the moisture content of the waste with minimum aerobic
degradation [141]. Air drying of solid materials involves the vaporisation of water contained by the
solid materials and removal of vapour either from a pile using free ambient air or fan ventilation of
the pile, which is very slow (requiring huge piles) and limited in what it can achieve in terms of
moisture, or in a stream of hot air [142] which is faster, needs much smaller equipment and can
achieve lower moisture content so often results in lower total cost of ownership even if the heat has
the paid for. The most common operation of hot air drying is the use of counter-current flow rotary
dryers, which involve delivering solid materials to the dryer and result in some dust emissions from
the dryer [143]. Solar drying simply presents wet solid wastes to the sun in an open layer or covered
dryers and takes the moisture away in natural air circulation [144]. Solar drying requires little
investment, but it can be slow and ineffective in cooler climates, and moisture absorption by the
product may occur during wet periods, leading to incomplete drying. Covered dryers may accelerate
the process, but they will increase costs as additional heat sources are required. The artificial dryer
for dewatering can also be named as thermal drying when an external auxiliary energy source allows
the heating of the waste [145].

For the effective drying of solid wastes, one challenge is achieving good air permeability so that
water vapour and steam can be removed easily through air circulation. So, the particle size of the
solids cannot be too small. On the other hand, because most organic solid wastes contain a high level
of internal moisture, the internal moisture is not easily evaporated if the particles are too big.
Therefore, controlling solid particles with optimised particle sizes present in the dryer can be crucial
for effectively and efficiently drying solid wastes. Size reduction and material handling options can
be the greatest challenges, especially for ‘Class 3" materials.

4.4. Challenges of Size Reduction and Classifying

As shown in Figures 1-4, solid wastes can exhibit large variations in size, so size reduction of the
solids is essential for most handling processes to make them easier to manage. For the anaerobic
digestion of organic wastes, size reduction can improve digester gas production and increase
degradability, resulting in a reduction of the technical digestion time [146]. For incineration, the solids
also need to be in proper sizes before the material can be injected into the furnace for heat or electricity
generation (see Figure 8). In particular, the furnaces that use pulverised fuel have short residence
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time (1.5~4 seconds). Otherwise, particle burnout will be incomplete if the particles are too large.
Whereas, moving grate furnaces are much more tolerant of larger particles due to the longer
residence times, and fluidised bed furnaces are the most tolerant as the particles will remain in the
fluidised bed until they become smaller and lighter enough to be suspended and taken away in the
fly ash.

Shredding and grinding are popular techniques for reducing the particle size of solid wastes or
biomass [147]. In size reduction, the biggest challenge is feeding the materials to the shredders or
grinders, especially for ‘Class 3’ materials with extreme particle shapes. Instead, multiple size
reductions are commonly applied to the shredding so that the shredder can work effectively at
different sizes without jamming issues [148]. In case that the solid waste has a high-water content
such as fresh biomass, it is difficult to reduce the size because the water will make the particles very
plastic and redolent that reduces the effectiveness of the reduction process. Shredding can be more
tolerant of higher water content than grinding.

For energy recovery, as much incombustible material should be removed from the solids as
reasonably possible first, so the calorific value of the refuse can be improved, the ash can be reduced,
and these incombustibles recycled (usually metal, glass and minerals). The solid wastes need to be
classified. The challenge for classifying the ‘Class 3’ materials is the extreme particle shape, such as
e-scrap wastes. However, many valuable metals in e-scrap are not magnetic substances, so they
cannot be removed as easily as ferrous particles, and moreover, they are often combined in small
structures with combustibles (copper wires in coils on plastic formers, for example). The mixture of
heavy (usually metal) and light materials (usually polymers, papers, and foodstuffs) can be
challenging in waste classification when they are bonded or otherwise attached together in
assemblies, e.g., paper labels on cans. Additionally, the classification and separation of solids will be
difficult if the solids are very cohesive.

4.5. Challenges of Transport (Mechanical and Pneumatic)

In the energy recovery of biomass and biowastes, the solids need to be transferred at the most
of time from collection points to processing plants. Transport of the solids will be subject to the
material characteristics, especially the size and the shape of the particles indicated in Section 3.1.

Mechanical conveyors are commonly used for solid waste handling, such as belt, chain, or screw
conveyors, although pneumatic conveyors or dumper trucks are sometimes used for processed
wastes. In practice, belt conveyors can be suitable for all ‘Class 1, 2 and 3’ materials, but it may be
hard to clean the belt when ‘Class 2’ materials (cohesive) are conveyed because of the fines and the
damp in the materials [149]. Screw conveyors can be troublesome with ‘Class 3’ materials
(entangling). Chain or bucket conveyors are similar to belt conveyors but may experience issues with
‘Class 3’ materials if they fall onto the chains [150].

In principle, pneumatic conveyors can work with all classes if particles are not too large or too
wet and sticky. However, the challenge of using pneumatic conveying lies in feeding the solids into
the pipeline, which can be difficult and depends on the particle size, shape, and flowability of the
solids [151]. Pneumatic conveying of solid wastes is less popular not only because of the feeding
challenge but also due to the large energy consumption required, which can be another concern, as
the waste process typically has a small profit margin.

The key concerns in conveying biomass or other solid wastes are the top particle size and the
extreme particle shape, although water content can be problematic at times. If the materials are damp
or waterlogged, the solids will be very cohesive and easily adhere to the surface of equipment such
as the belts, but they will be hard to remove. Accumulation of fines and dust can also cause friction,
leading to heat buildup and consequent fire on the conveyor (see Figure 11(a)). Spillage and wind
lift-off of the solids are also a serious concern in the transport of the wastes because the solids travel
at a relatively high speed to the air, and the wind can pick up small particles. It will cause dust
emissions and risks of fire if the material is combustible.
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Figure 11. Fire hazards: (a) storage fire, and (b) Silo fire explosion.

4.6. Handling Hazards, Including Fire, Explosion and Dust Emissions

In the handling of solid wastes, the hazards that cause the greatest financial loss are fire and dust
explosions. Dust emission from solid wastes is also hazardous to health, as described above. Failure
to manage hazards may cause a disaster, as exemplified by the storage fire shown in Figure 11(a) and
the silo fire explosion in Figure 11(b).

Dust emissions in the waste handling process can be influenced by the types of solid wastes,
which contain fine solid particles, as well as the fines and dust generated during the drying and size
reduction processes, or solids transported at a relatively high speed that suffer breakage. Dust
emissions happen mainly at the transfer points of conveying, where it can be in open space (picked
up by air currents), especially when there is a big drop in height within the transfer points. The
authors have achieved good success in reducing dust emissions through the use of a “hood and
spoon” transfer point design [152]. However, a thorough approach to containment and judicious use
of extraction are also essential to achieve low dust emissions.

Dust from solid materials can pose a high risk of fire and explosion if the materials are
combustible and have a low to moderate water content, or if they can generate heat on their own,
such as organic waste with moisture. The high-risk areas for fire can be undisturbed static storage,
especially for self-heating materials such as silos, stockpiles, and flat stores (see Figure 11(b)). Most
of the solid wastes are combustible and organic, and many also emit flammable gases.

The ATEX [153] and IECEx [154] systems provide effective frameworks for controlling dust
explosion hazards in process plant design and operation; however, there is no specific administrative
system for controlling the risks of fires in waste material handling. The challenge for control is
assessing the risks of fire and explosion, which involves analysing the interaction between materials
and handling processes [155]. The risks of fire and explosion are subject to further parameters,
including ignition and oxygen levels; however, the concentration of combustible materials (such as
dust) is also critical in relation to a dust explosion. Therefore, control of dust emissions from solid
wastes is crucial in waste transport, especially at the transfer points of conveyors.

The other challenges for hazard control include monitoring and analysis of flammable gases, as
well as monitoring hot surfaces such as seized, under- or over-lubricated bearings or mechanical
failure causing rubbing, jammed or trapped layers of dust or particles, etc. Sometimes, secondary
dust explosion can cause more serious damage to the process plant, which is initiated by the ‘primary’
explosions [156]. Very importantly, effective cleaning to control the build-up of fugitive dust on
surfaces in the plant outside of the handling equipment, is critical to minimising the possibility of a
devastating “secondary explosion” that will generate a fireball through the entire plant if the
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accumulated dust gets raised by the draught from a small primary explosion. Here is a good example
of a dust explosion that can be found at Imperial Sugar [157].

4.7. Challenges of Biomass Material Handling and Special Characterisations for Design

The challenges of biomass and biowaste material handling discussed here are mainly due to the
physical properties of the materials, which need to be characterised prior to the design of the process.
The important characteristics of the raw materials include particle size and size distributions, particle
shape, solid density, bulk density and compressibility, water content, cohesiveness for ingredients
and mixtures, overall flow behaviour class, and flow properties under consolidation stresses.

To assess the handling properties of a biomass material, the best solution is to apply the
classification groups defined by the dimensions of particle sides to examine the material first. If the
material is suspected of possibly being a ‘Class 3" material, a subsequent ‘Column Test’ is suggested,
which can identify the interlocking effect of the particles and confirm or refute this pattern of
behaviour. Assessment of particle sizes is strongly affected by the particle shapes. Conventional
measurements of particle sizes are not suitable for the ‘Class 3’ materials because of the extreme
particle shape.

Assessment of material flow properties is also subject to the types of materials. For the ‘Class 3’
materials, flow properties of the materials cannot be measured by any common methods, such as
shear cell testing. The handling of such materials requires a specific design approach, taking into
account particle sizes and water content, and special considerations are necessary for equipment
design. Typically, a “full live bottom” storage and discharge solution is employed. For cohesive
materials (‘Class 2"), conventional measurements of flow properties can be applied to the material in
the design of silos or hoppers; however, the results may be strongly influenced by varying bulk
densities or changes in water contents over storage time under consolidation stresses.

The other processes, such as drying, classifying and size reductions, are also dependent on the
physical properties of the materials. In the characterisations for these processes, the particle
interlocking phenomenon needs to be identified prior to any design of the process, as the solids
cannot be handled by the equipment commonly used in existing processes. Secondly, high water
contents may create extra challenges in material handling, as the water inside the materials can create
high cohesiveness and biological reactions. Similarly, the same challenges present in the
transportation of waste may be encountered, but additional dust emissions may occur if the material
is dry and travels at high speed (the authors have heard a critical speed of around 2.2 m/s on a
troughed belt conveyor being reported in this regard, based on operating experience).

The handling of waste materials with hazards always requires extra attention and special
assessments in design and operations. Fire and dust explosions are common in waste materials
handling processes because the waste materials for energy recovery are all combustible and often
rich in fine particles. If the materials contain water, gas emissions, or are self-heating, they can pose
a serious hazard, leading to a high risk of fire and explosion. Proper assessments of the waste
materials can effectively reduce the risks.

5. Conclusions and Remarks

In the process of solid waste energy recovery, this review focuses particularly on the types of
solid waste and the challenges associated with the material handling process of solid waste, caused
by the material properties.

5.1. Conclusions

Fast-growing volumes of solid wastes for reprocessing and recycling are essential for
establishing a circular economy. Currently, the fastest-growing market is for energy derived from
solid waste, which has brought new possibilities for reducing the environmental impacts of waste
and increasing the profitability of waste valorisation.
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However, significant existing project developers for energy recovery come from low-technology
background or have experience only with conventional fuels. The solid wastes bring in extra
challenges to material characterisation and material handling process design because the waste
materials are highly variable in particle size and shape, density, and composition, and can exhibit
much more challenging handling behaviour than traditional fuels. In this paper, several types of
common solid wastes have been reviewed, including biomass wastes, municipal wastes, bulk food
wastes, e-scrap wastes, plastic wastes, and hazardous wastes.

For these wastes, common challenges include the varied particle sizes and wide size distribution,
extreme particle shape, varied bulk density and high compressibility, a high level of water content,
and the material’s high cohesiveness. The bulk properties of the waste materials can be unpredictable,
such as flow issues, interlocking under compaction, caking and dust contamination, due to natural
variations. The special material characteristics create significant challenges in material handling. The
problems are often unexpected by equipment suppliers and project developers, leading to lengthy
and expensive start-up and commissioning operations, and often requiring significant equipment
retrofit, which adds to costs and delays.

The challenges of materials handling for the solid wastes can be manifold related to the material
properties, amongst the most common being failed flow from the storage, especially for ‘Class 3’
materials, the need for multiple stages of size reduction from the raw materials, achieving effective
and economical drying of the wastes, classifying and transport challenges of the wastes, and hazards
control including fire, explosion and dust emissions. A further common challenge is that regulators
expect high environmental performance and low impacts, combined with marginal process
economics, leading to difficulty in achieving profitability.

The risks of fire and explosion can be more serious for solid wastes due to increased dust
emissions from the waste, and many solid wastes are combustible. Controlling the risks of secondary
dust explosions is also challenging, as is avoiding exposure of personnel and neighbours to
potentially hazardous dust and unpleasant odours.

5.2. Best Practices

To avoid the difficulties in obtaining efficient plant performance with waste material handling,
the approach must always be “Know your enemy first”, that is to say, invest time and money to
obtain a thorough understanding of the handling and processing challenges of the particular waste
stream to be used, and only then select equipment types and detail designs very carefully to ensure
they are able to cope with these behaviours. Therefore, thorough characterisations of the waste
materials are essential. Variations in waste streams can be significant, so obtaining significant
numbers of test samples is always recommended for material characterisations in order to
understand these variations. Conventional characterisation methods for handling properties can be
suitable for ‘Class 1 & 2’ materials but will not work for ‘Class 3" materials because of the extreme
particle shape.

The particle sizes of solid wastes can range from dust to metres. The particle shapes of the waste
are frequently extremely large in one or two dimensions compared to the smaller dimension, which
will give the bulk solid interlocking tendencies (‘Class 3" behaviour). Therefore, for characterisation
of the materials, obtaining and testing of a representative range of samples will be critical to any
process design, not only for material storage and transport but also for processing.

For any process design involving solid wastes, designing simply based on previous experience
for materials with the same name will often lead to inadequate plant performance. Commonly,
materials with the same name, description, and specifications but originating from different sources
can exhibit significant variations, including particle size, particle shape, material density, bulk
density, water content, cohesiveness, and flow properties. A big tolerance for varying properties must
always be included in the design because experience shows that the wastes will always show more
variation than expected.
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Professional characterisations and designs are strongly recommended, especially for “first-off”
plants in a series. In the early stages of developing processes and treatments for waste streams, it is a
good idea to choose solutions that lend themselves to flexibility, wherever possible. For example, this
can be achieved by using leased mobile plant units or low-technical solutions. It is also essential to
leave space in the plant and between processing units for retrofits and equipment changes.

For solid wastes, hazards including fire, explosion and dust emissions are almost inevitable.
Dust is extremely common in most solid wastes and many waste materials are combustible.
Therefore, the risks of fire and dust explosion are extremely high in the processing of waste for energy
recovery, recycling, and processing. Not only is the control and prevention of risks critical but also
having plans for how to deal with and recover from fires, in particular, is crucial for waste material
handling; otherwise, large financial losses and downtime can be expected when (not “if”) they occur.
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