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1
Introduction

1.1. Background
Specific dates for the invention of the first belt conveyor are not known. The solution that provides a contin-
uous flow of material started to gain in popularity around 1900, however the British navy is thought to have
the the honor of taking in use the first steam powered conveyor belt already in 1804. This machine fulfilled an
important task as it was used to produce ship’s biscuits. Around this time engineers started to combine the
previously primitive belt systems and the recently invented steam engine. This created the first belt conveyor
systems that resemble today’s systems. Since this time the conveyor developed, but only until late in the 18th
century the conveyor had become popular and was used in various industries. Henry ford’s factory is a well
known example of belt conveyor use. He created a continuous assembly line so that workers no longer had to
move all their required tools to the car. Instead the cars were brought to them using a belt conveyor. Also the
mining industry was revolutionized by the belt conveyor. Already in 1905 the belt conveyor was installed in
an underground coal mine in Ireland, and in Sweden this system was used for the transport of bulk materials
such as gravel and charcoal. The belt conveyor greatly increased the efficiency of operation in various indus-
tries, among which the mining industry and the bulk handling industry. The high efficiency and low costs
make it a popular machine that is still used till this day. [1] [2]

In the times of the industrial revolution there was less attention for the conditions of the workers in their
work environment. Steam power was new as an energy source offering great opportunities and it was widely
applied. However, with the introduction of powerful machines also new hazards were introduced on the work
floor. Also these machines increased the pace of production, increasing the pressure on the workers. With
limited rights for workers and low pays it were hard times for most workers. Around this time the workers
started to unite and call for regulations to ensure better working conditions. Also the physical effects of hard
labor in poor conditions were being studied. This all lead to a shift in focus from the directors of industry,
increasing the attention for the working conditions and the workers health. In the western countries issues
like this are commonly addressed and valued, improving the quality of life. In other parts of the world this is
still under development as we see the developing countries struggle with these issues. Belt conveyor system
are often applied in heavy industry where there are many potential occupational hazards. This has also lead
to regulation, also regarding belt conveyor systems. And this is still developing as we get to know more about
the human body and how it is effected by external factors. Therefore working conditions are being regulated
and improved till this day.

Currently a similar call from the public is noticeable asking attention for the environment on a global
scale. As scientific research has created a better understanding of the world around us, the realization sets
in that we have a greater influence on the world and the ecosystems then we expected. Where the world was
first seen as an endless supply of resources, it is now commonly accepted that the earths resources are not
endless. Currently it is also acknowledged that the human population has the ability to disturb natural bal-
ances in numerous environmental processes, either on a local scale, as well as on a global scale. Under the
name sustainability these issues are currently being discussed in most levels of society and economy. This
has resulted in a growing social dislike against organizations that operate in unsustainable ways, and an in-
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2 1. Introduction

crease in regulations form governments and authorities to stimulate sustainable development.

Motivation
The development of belt conveyor systems has mostly been driven by the financial aspect. The belt conveyor
could bring cost reduction and increase efficiency of operation, both resulting in a better market position and
more profit. Already attention for the working conditions has been increased and improved through legisla-
tion. With the increasing attention for the sustainability of our society and economy a similar extension of
the focus is well underway. Although sustainability most of the time is associated with the environment both
the social and environmental aspect of development are captured under the name sustainability.

This development increases the desire for more insight in the sustainability of belt conveyor systems, ask-
ing for the assessment of the systems sustainability. This probably will become important in order to main-
tain its position in the industry. This literature survey will investigate how sustainability has been developing,
and how it applies for belt conveyor systems. The interaction of belt conveyors with the environment and
society will be considered. Its contribution to society and economy will be excluded, as the focus will lie on
the produced by-products and the side effects of belt conveyor use. The goal is to create an overview of pos-
sible impacts of belt conveyors in general. This overview can then be used to indicate how current systems
perform. Also it will show what is being developed already to increase its sustainability, and what is currently
in progress to develop this even further.

The main effects of belt conveyor systems considered in this survey are the high energy consumption, the
possibility of dust generation and spillage, and the noise generated during operation. Energy consumption
is a large contributor to the operational costs, as well as it is a large contributor to the environmental prob-
lems of these times. Dust generation forms a large concern as it endanger workers and ecosystems, making
it a problem for both the environment and the society. Noise is added to the list as this causes problem for
workers and inhabitants of the area.

1.2. Research scope
Sustainability of belt conveyor systems are the main focus of this survey. Sustainability itself is already a broad
topic and can relate to many different aspects. In addition also belt conveyors come in a wide variety, as there
are many different types of conveyors available on the market. The goal of this survey is to create an overview
of the aspects of belt conveyor systems that influence its sustainability. Important to notice is that its sustain-
ability refers to the impact of belt conveyor systems on external systems.

The term sustainability is a broad term and can be used in various contexts. It is a popular and relevant
topic that leads to many discussions about the way modern life is organized. To evaluate belt conveyor sys-
tems in the context of sustainability asks for a general assessment of these systems. Therefore all aspects that
can be included in the term sustainability will be considered in this survey, and narrowed down to relevant
aspects the interact with belt conveyor systems.

There is a wide variety of belt conveyor systems available. New types of belt conveyors are being de-
veloped for specific circumstances, increasing the range of industries that can be served. These systems all
overlap as they are all types of belt conveyors, but also can have very different characteristics. To narrow it
down for this survey the choice was made to look into trough belt conveyor systems in particular. This is
a basic belt conveyor design that is commonly used. Still there is a wide variety between these, looking at
location, dimensions and material transported, but the functionality and design is comparable, allowing a
general analysis. As the trough belt conveyor is used regularly it is relevant to assess its sustainability as it can
have a considerable impact.

One type of belt conveyor system was selected to investigate the scope remains general. Therefore the
focus of the survey will lie on the general systems and its sustainability aspects. Because of this general ap-
proach the survey will not quantify the sustainability assessment with target values. Also because this de-
pends on multiple variable like the location of the belt conveyor. Aspects of sustainability in belt conveyor
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systems that are relevant to observe during the design, development, and operation of belt conveyor systems
will be presented.

1.3. Research questions
The aim of this survey is to investigate the sustainability of belt conveyor systems. In the previous section
a more specific scope was depicted to create a clear context of what will be included and excluded in this
literature survey. This leads to the following general research question that will be answered at the end of the
report.

How do trough belt conveyor systems impact sustainability of the environment and the society?

The main research question is broken down into smaller questions to be answered and eventually be able
to answer the main research question. These questions are listed below:

• What is the definition of sustainability?

• What side effects occur during operation of belt conveyor systems?

• How do the side effects of belt conveyor operation impact the environment and the society?

• What techniques are available to minimize the impact of belt conveyor systems on the environment
and society?

These sub questions provide a guideline to gather information that will finally make it possible answer
the main research question. By performing a literature survey on these subjects, insight in the matter will be
provided and the gained knowledge will be documented in this report. Hopefully this will generate additional
insight in the operation of belt conveyor systems, and the impacts that material transport using belt conveyor
systems can have. Providing this overview should make it possible to improve both the technologies to pre-
vent negative impacts of these systems and to suppress the negative impacts as much as possible. Therefore
also the current technologies are presented, giving insight in what has been done already, and what requires
more attention. Eventually this will hopefully lead to more sustainable operation of belt conveyor systems,
and secure its place in the sustainable society of the future.

1.4. Overview of content
The first chapter of this literature survey discusses the concept of sustainability and highlights different ap-
proaches to the concept. The growing environmental awareness is explained as part of the motivation for this
survey. The economy, society and environment are identified as cornerstones of the society as we know it to-
day. There are relations between these cornerstones as they overlap, and conflicting interests exists within
these overlaps. The concept of sustainable development helps to structure the debate of such conflicts in
the society of today. Also in chapter one legislation and regulation is identified as a tool to stimulate change
towards a sustainable society for the future. The development of more sustainability legislation is on the way
and different standards are available to create more sustainable processes and products. It was found that
especially local legislation sets strict rules for the operation of belt conveyor systems.

In chapter two the functionality and design of belt conveyor systems is described as this is the subject of
this survey. It creates a basic understanding of belt conveyor systems and its functionality. All basic compo-
nents and their function in the system are described. In this chapter the parts and functionality of the belt
conveyor system to evaluate will be determined.

Chapter three addresses the operation of belt conveyor systems and how this can influence its sustain-
ability. First relevant aspects that can be effected by a belt conveyor are identified. Next, life cycle thinking
is used for a general and brief analysis of the system to find out what life stages effects its surroundings the
most. This is brought together showing the environmental and social concerns that are to be considered dur-
ing the operation of belt conveyor systems.
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In the fifth chapter all aspects of the high energy consumption are discussed. First te downside of this was
motivated, both in the interest of the operator and the economy, and in the interest of the environment. What
contributes to the total energy consumption is explained next, and possible techniques to minimize this were
discussed. Also an overview of some research aiming to bring down the total energy consumption of a belt
conveyor systems is included.

The by products dust and spillage are discussed in the sixth chapter. First the negative effects of dust and
spillage were identified, for the operator, employees, nearby communities and the environment. Next the
sources of dust and spillage are investigated, and possible solutions to the problem are discussed. different
techniques are presented to solve this problem. It was found that this problem is well manageable with cur-
rent techniques, and this results in limited new developments in this area.

Chapter seven is about the impact noise generated by a belt conveyor can have on the society, and on the
environment. The impact of the noises is mainly local as it effects communities and can cause harm to the
employees. The general sources of noise are identified and here regular maintenance is an important factor
to control the noise generation. It was found that noise regulation is regularly found, and is applied effectively
on a local scale.

The final chapter concludes the survey as it gives an overview of the interesting findings in the survey. In
this chapter also the research questions are answered. Also recommendations for further research and the
development of a better way to assess the sustainability of belt conveyor systems are mentioned.



2
The definition of Sustainability

Before it will be possible to look into the sustainability of belt conveyor systems, the concept of sustainability
of be defined. It is a concept that is used frequently these days and it seems all companies are trying to create
an image of being sustainable, most often referring to the environmental aspects of the concept. However the
concept includes much more than being ’environmentally friendly’ and ’good for planet earth’, although this
is what the public will probably think, hearing these sustainability claims in advertisements. Sustainability
is a popular word, used to try to stand out from competitors. To be able to evaluate the sustainability of any
product or process, it is important to define the concept in more detail and create a better understanding of
sustainability,and what the concept means for products or processes.

2.1. Sustainability in general
To start defining the concept sustainable the meaning of the word is looked up in both the Cambridge and
the Oxford dictionary and cited below:

Able to continue over a period or time [3]

Able to be maintained at a certain rate or level [4]

These definitions are quite clear but straight away show that the concept is subjective as the context is left
open. The Cambridge definition of the word sustainable shows that a certain period of time must be defined,
while the Oxford definition indicates that a certain rate or level must also be defined. In addition, the word
sustainable is an adjective and refers to a specific product or a system. Therefore the context is of impor-
tance. This applicability to multiple contexts is illustrated as being economically sustainable has another
meaning than environmentally sustainable. Either of these can be perfectly achieved completely regardless
of the other.

For example a company cutting down trees and selling the wood with profit over a long period of time can
be labeled economically sustainable. But solely cutting downs trees without planting new ones is considered
the be harmful to the environment, and therefore environmentally unsustainable. The other way around is
also possible. For example think of an organization that protects rhinos in the wild against poachers. This
operation ensures that the rhino population is maintained which can be considered environmentally sus-
tainable. However, this is a costly operation that is not creating any earnings for the organization. Therefore
solely protecting rhinos can be considered as economically unsustainable. This makes clear that solely sus-
tainable is a widely applicable concept, but can not stand alone. Additional information defining the context
is required.

As the concept is widely applicable it leaves a lot of room for discussion. The concept is well debated and
there is no consensus about an exact definition. What systems or products are desirable to sustain can differ
a lot depending on ones point of view. For a good definition of the concept it is required to know what to
sustain and how it performs in terms of sustainability. According to Costanza [5] there are 3 basic questions
that help defining the context.

5



6 2. The definition of Sustainability

• What system or subsystems or characteristics of systems persist?

• For how long?

• When do we asses whether the system or subsystem or characteristic has persisted?

Regarding what system? it is often possible to define the system to persist. Depending on ones point of
view or ones operation, an important system or multiple important subsystems can be identified. Seen from
a biological point of view this often means avoiding extinction and living to survive and reproduce, while
from an economical point of view it often means avoiding major disruptions and collapses. In both cases it
requires a level of fitness with the environment, and adaptation to changes in that environment. When one
looks at larger systems it may not be possible to persist the system as a whole, yet often characteristics of that
system can be defined that are desirable to persist. When changes in the environment require changes in the
system the focus lies on sustaining the characteristics of that system instead of the system as a whole.

The question of for how long? is also important. As the world, with all we know about it, may not even
last forever, it is not adequate to desire sustainability of a system till forever. This would create a time scale
that can not be overseen creating a definition of sustainability that discourages any change or development
at all. The life span can differ per system. In the biology this is clearly visible as some bacteria can reproduce
within hours. As generations succeed each other rapidly they are capable of adapting quicker to changes in
their environment, simply because they pass on their genes more often. This speeds up the evolution within
that species. In the case of the human population the reproduction rate is a lot lower. Depending on the type
of system and its context it can operate in various time scales.

Answering the question of how long? almost immediately raises the question of when to asses? In trying
to sustain a system, or characteristics of a system, the time scale of that system is of importance. In the case
of the bacteria colony it could be too late when assessing the survival of the colony after a moth. As many
generations will have passed by that time it could be that the colony is already extinct at the time it is assessed.
In this case more frequent assessment of the colony could have allowed to adapt the colony’s environment,
making persistence possible. On the other hand, in the case of mankind, it would be useless to asses the sus-
tainability on a monthly basis as this is to short compared to the time scale as differences might not even be
noticeable yet. What can be learned from this is that in assessing the sustainability of a system the time scale
of that system must be kept in mind to select a useful frequency that allows to alter the system before the
system has stopped to exist, while on the other hand the frequency must also allow changes in the systems to
be noticeable.

In the biology, evolution accounts for adaptations within species due to selection of the fittest genes.
However, evolution is not applicable to many man-made systems and therefore it may take more effort to
sustain. In attempts to do so it is important to prepare for possible future changes, and this may require some
sort prediction of the future. Therefore it is common to make analysis of trends and developments in society,
or a more specific context the system operates in. Predictions of the future can help create proper policies
that allow to adapt to changes in the future. This increases the chances to succeed in sustaining the system,
or characteristics of the system.

2.2. Environmental awareness
The impact of industry on the environment has become an issue of increasing concern since the late 1980s,
particularly in western economies [6]. Over the years more and more awareness for the effects of industrial-
ization, growing global population and consumption of natural resources has grown steadily. In the begin-
ning of industrialization the awareness of effect on the environment was low but over the years it has gained
attention and currently the theme often appears on the world leaders agenda’s. In 1987 the World Commis-
sion of Environment and Development published a report named Our Common Future [7] which can be seen
as the start of global interest in the topic. In this report the vastly increasing human numbers and the devel-
opment of new technologies are mentioned to have altered the relation between the human world and the
planet for the worse as unintended changes appear in the atmosphere, in soils, in waters, among plants and
animals and in the relationships among all these. Since this report the awareness of mankind’s impact has
grown and slowly these effects are acknowledged by the majority of the western world. Nowadays themes like
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Figure 2.1: Schematized views of the main aspect of the modern world [8]

global warming, climate change and overpopulation can be considered common knowledge and more and
more companies and countries try to integrate these themes in their own strategies and policies.

The previous section shows that sustainable is a diverse term that can apply to many contexts, depending
on the system or characteristics of a system. For most companies and organizations, being sustainable, as
defined by the dictionaries, is trivial as maintaining their very existence is what they set out to do on a daily
basis. However, the term sustainability is only seen in companies advertisements, visions and policies since
the last few decades. This indicates that these sustainability claims or the desire to be sustainable refers to
the way they would like to do business. This is the result of the growing environmental awareness and as a
results more and more companies and organizations seem to pay attention to the way they want to maintain
or persist their business. The interest in environmental sustainability has grown among the public triggering
the economies to act more conscious about the environment and invest in sustainable solutions and devel-
opments.

2.3. Economy, Society and Environment
Many schematize the human world to consist of three main pillars, being the economy, the society and the
environment. These three are known to interact with each other as one supplies an other, or is effected in
an other way. This is often illustrated by three overlapping circles as is illustrated on the left in figure 2.1.
This already shows that the activities within one area can have an effect on both of the other areas as well,
and consents with modern day view of the world. Yet, the mayor part of each circle is not overlapping and
suggests that also many actions within one area do not influence the others. This is incorrect to many pro-
gressive thinkers as they see a hierarchy between these three main areas. This is illustrated on the right in
figure 2.1. In this figure the economy is only a small part of society, and cannot exist without the society.
The society again is only a small part of the environment, and cannot exist without the environment. Both
views indicate some sort of relation between the three main areas. The difference is the hierarchy, where in
the one there seems to be a more or less equal relation, while in the other there is a clear hierarchy estab-
lished. Both agree on the fact that activities in each area can have its effects on other areas. Sustainability is
a term often used when looking at the relations between these areas pillars to make sure all three can co-exist.

2.4. Sustainable development
The current status of environmental awareness leads to more attention for sustainability. However, views on
how to minimize and change the impact of human life on the planet differ vastly among many people. It is
difficult to combine all thoughts and desires of different individuals and communities into one plan of action.
In the most extreme cases some people are willing to give up many aspects of modern society and prefer to go
back to a living standard close to nature and without modern day technologies,. Others are barely willing to
give in on their welfare and only seek to enhance it. The majority probably is willing to contribute to a more
sustainable way of life, but only without making big sacrifices. It is important realize that there is a natural
desire for people to maintain and improve their welfare.
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Figure 2.2: Illustration of sustainable development [9]

Mankind will keep developing, in attempts to improve the quality of life. This leads to new innovations
making daily life better and more fun. The human world will keep moving forward, developing itself. But
while these developments take place, the focus can no longer only lie on the development itself. It is impor-
tant to look at the bigger picture and analyze what the impact of current technologies and future innovations
will be. Also the development of new technologies to replace current polluting processes with more sustain-
able processes is important. Mankind is developing both society and economy, but this can not go at the
cost the other areas. This is often called sustainable development and emphasizes development with care the
environment and the society. Looking at figure 2.2 sustainable development is indicated as the area where all
three aspects of modern life overlap.

Sustainable development is where the different interests form different groups within the human world
meet, providing a framework to bring together all the different points of view, and try to satisfy as much
as possible. The concept of sustainable development was defined in a clear way by Brundtland [7] and his
commission in their report Our common future about the environment and development:

"To make development sustainable - to ensure that it meets the needs of the present without compromising
the ability of future generations to meet their own needs"

The definition provided by Brundtland and his commission is the basis from which more interpretations
and refinements to the concept are made, depending on the involved parties and the matter at hand. An
interesting framework of the different interests in play is mentioned by Barry Ness [10] and Robert Kates [11]
and states that there are three important questions to define sustainable development.

• What is to be sustained?

• What is to be developed?

• The inter generational component

According to Barry Ness [10] what is to be sustained comes down to three main areas being nature, life-
support systems, and community. The three main areas that are to be developed are identified as people,
society and economy. These main areas all can be divided in smaller subareas. The inter generational com-
ponent is essential to include as it provides an explicit time-horizon for each specific sustainability goal. This
structure of sustainable development is shown in figure 2.3 and gives some examples for subareas of each
main area.

The concept of sustainable development has been defined properly which makes it better usable in real
life situations. According to Robert Kates et al. [12] one of the successes of the concept sustainable devel-
opment has been its ability to serve as a grand compromise between those who are principally concerned
with nature and the environment, those who value economical development, and those who are dedicated
to improving the human condition.
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Figure 2.3: Areas of sustainable development [11]
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When the word sustainable is used it often refers to the definition sustainable development and expresses
the desire to respect the three three main areas to be sustained, while developing the three main areas to be
developed. Depending on the specific context of the matter at hand, the focus within can shift between areas
within the concept. Examples are the planning of sustainable cities and sustainable livelihoods, sustainable
agriculture and sustainable fishing, and efforts to develop common corporate standards like the UN Global
Compact and the World Business Council for Sustainable Development. The ability of the concept to adapt
and apply to numerous of areas and situations is a welcome feature, and makes the concept applicable to
a wide variety of cases. However the real-world experience has shown that creating consensus is an often
difficult and painful process as different stakeholder values are forced to the surface, to be compared and
contrasted, criticized and debated. [12]

2.5. Sustainability and legislation
As the environmental awareness is growing, and the demand for sustainable development increases one can
think that everybody in the world is doing the best they can to become sustainable themselves. However, with
the ongoing discussion and different points of view there is no consensus about how to attack the sustainabil-
ity problems. To stimulate organizations and companies to become sustainable themselves legislation can
be in helpful. Examples of such legislation are emission rights, energy labels for houses and cars, and taxes on
fossil fuels. Also a lot is done to stimulate sustainable development by giving out subsidies for the develop-
ment of new sustainable technologies. Local initiatives can be found all around the world, but are often still
in the starting phase, or on small scale. The national and global governments are also increasing the focus on
sustainability, and mainly on climate change. An example of this is the recent climate summit in Paris in 2015.

2.5.1. The Paris Agreement
In 2015 the United nations conference on climate change took place in Paris to discuss how the world should
address the problem of climate change. The summit was concluded with an agreement signed by all 195 par-
ticipating countries, the Paris Agreement. This shows that climate change is seen as an important topic and
most countries are willing to do something about this. The agreement mainly includes global goals, but does
not provide a precise path achieve those goals. This is left open for the national and local governments to
arrange, as each country or area might require a different approach to the problem. One of the main items
in the agreement are to maintain the earlier set 2 degrees limit of the warming of the world compared to pre-
industrial levels, and even including a section recognizing the importance of pursuing an even lower limit
of 1.5 degrees. Another goal is have the greenhouse-gas emissions balanced with the removal of sinks by
2050, meaning that at least the same amount of greenhouse-gas is taken out of the atmosphere as there is
produced. This goal can be achieved by both minimizing the emissions and maximizing the greenhouse-gas
sinks, preferably natural sinks like forests and oceans. This agreement applies to national governments, and
they will have to provide local legislation and measures to ensure these goals are met. Eventually this means
that the changes have to be made by the society and the economy.[13][14]

2.5.2. Emission Trading System and energy labels
The European Union itself has already created some legislation to stimulate sustainable development. One
example is the EU Emission Trading System (EU ETS) [15]. This systems first sets a limit of emissions that
the European Union may produce. Next, so called emission rights are auctioned to European companies on
a yearly basis. In this way it creates specific costs for emissions for a company. Over the years the limit is
lowered, and less emission rights become available. This ensures that the total of the emissions by the indus-
try will decrease. Unfortunately, because of the current low carbon price the influence of the EU ETS is fairly
limited [16]. To make sure that the companies to not exceed the levels of emission they have the rights for
the emissions are monitored closely. In the Netherlands this is done by an independent organization which
is called Dutch Emission Authority [17].

The emission trade is not directly applicable to belt conveyor systems as these systems can be part of wide
variety of processes in different industries. However, the emission trade stimulates minimizing the overall
emissions of industry, and when belt conveyor systems are part of an industry it is also desirable to minimize
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its emissions. This will help bring the overall emissions down. What percentage the belt conveyor systems
contribute to the total emission of a process of industry differs per case.

The Emission Trading System is one example of European legislation to stimulate sustainability and envi-
ronmental care in industries. However, the European legislation acts mostly on a large scale covering multiple
countries, but has limited influence directly on small subsystems, as most of these measures give no specific
sustainability demands for specific products or processes. This included in European law which states that
the EU is not allowed to create specific legislation on local issues that do not cross a countries border [18].
However more specific legislation can be found in most national industries. Also the Dutch government tries
to stimulate sustainable development by investing in research into sustainable technologies and sustainable
economic growth [19]. For instance in the housing market in the Netherlands it is not allowed to sell a house
without an official energy label. This label consists of multiple categories used to let the buyer know how
energy efficient the house is. The same label system is applied to a lot of electrical devices, like washing ma-
chines, vacuum cleaners and cars. This system should stimulate the consumer to choose the more energy
efficient products from its category. On the other side it should also stimulate the producer to increase the
energy efficiency of its products. This is mainly focused on the consumer market. Also it does not give insight
in the production process as it only labels the energy efficiency of the product during operation.

2.6. Assessment
From the previous sections is has become clear that both industry and governments pay attention to sustain-
ability and sustainable development, and both try to improve on the matter. To do so, it is important to assess
operations regarding sustainability, but this requires proper indicators to do so. For industry this has led to
several measures in efforts to create insight in the performance on sustainability. The number of companies
that include an environment report on their own sustainability in their annual business report has grown over
the years.

Standardization of indicators can help to asses the sustainability of a company. However finding proper
indicators on sustainability may differ per industry. In general some industry-generic indicators can be iden-
tified. These alone might not be sufficient so sector-specific indicators can be added depending on the case.
The standardized indicators would help enable identification of more sustainable options as it makes proper
comparison between products possible. The following five points are examples given by Azapagic et al. [9] of
what becomes possible using standardized indicators:

• comparison of similar products made by different companies

• comparison of different processes producing the same product

• bench-marking of units within corporations

• rating of a company against other companies in the (sub-)sector

• assessing progress towards sustainable development of a (sub-)sector.

This shows that comparisons and bench-marking is valuable for corporations to investigate where they stand
on sustainability. It gives insight in where they can improve, and reporting on this regularly drives sustainable
development within the organization.

A framework is proposed by Azapagic [9] covering all three aspects of sustainable development. Figure 2.4
gives an overview of possible indicators. These indicators can be quantified but there is not yet total consen-
sus of how to do this. Many of these indicators are derived form other methods used in industry and mainly
make comparisons between processes, products and sectors.

2.6.1. ISO 14001
The International Organization for Standardization (ISO) gives guidance to structuring the assessment of
sustainability within cooperations by providing the ISO 14001. This is the ISO standard for Environmental
management systems, and provides requirements and guidance for use [20]. A lot of companies, including
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Figure 2.4: Indicators of sustainable development for industry: a general framework [9]

in the mining industry, adopting this standard in order to structure their efforts to become more sustainable
[21]. ISO 14001 helps to improve the companies environmental performance by focusing on changes valu-
able for the environment, the company and possible interested third parties. It also facilitates a framework
for the companies compliance obligations, and help create and achieve environmental targets.

2.6.2. Life Cycle Assessment
One method to analyze the environmental impact of a product or process is to perform a Life Cycle Assess-
ment (LCA). It is a tool for the systematic evaluation of the environmental aspects of a product or service
system through all stages of its life cycle [22](figure 2.5). LCA makes it possible to compare the environmental
performance of products and identify the least burdensome. A comparison between two different products
is possible using LCA because it looks at the entire life, and documents the performance in each stage. The
total sum can be compared and a better choice can be made between the products. For example, comparing
a regular petrol car with an electric car is difficult. During the operational life the electric car probably has
less impact on the environment, yet seen over the entire life cycle this may differ as the battery pack from the
electric car requires dangerous chemicals to be produced. Also, the life time of a battery pack is shorter than
the life time a petrol engine, and the batteries can barely be recycled. So in the long run the outcome of the
comparison may differ from what is expected, and LCA offers a systematic approach for such a comparison.

To be able to use LCA to its full potential it is required that lots of LCA data is created within a sector. When
multiple assessments have taken place on different products, the quality of the comparison will go up as more
date becomes available. Currently LCA it used in a wide variety of industries, however it is not applied on a
large scale in the mining industry.

2.7. Sustainability and Belt Conveyor Systems
The previous sections discussed different aspects of sustainability, and shows how it is used in current society.
The world currently faces several challenges that have to do with sustainability. Different aspect that relate
to these challenges and try to address them are mentioned. Some of these can also effect the design, devel-
opment and usage of belt conveyor systems. In this section relevant aspects of sustainability will be selected
and defined so that it is applicable to belt conveyor systems.
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Figure 2.5: The life cycle of a product [23]

2.7.1. General Definition of Sustainability
Sustainability is a concept that can be interpreted in a wide variety of ways, and depending on the point of
view the interests can differ a lot. However there seems to be a general consensus about what is commonly
meant when the terms sustainable or sustainability are mentioned in the context of a company or business
and it refers to the way they try to do business.

The definition of sustainable development is probably the best way to capture this. The concept identi-
fies that there are three areas within the human world that are all important, but conflict where they overlap.
These three areas are the society, the economy and the environment and the overlap between them shows
that they are all connected. As they all interact in some way they can conflict with each other. Sustainable
development has the goal to continue development of all three areas but not at the cost of the others.

Further investigation of the concept shows that the three main areas of interest to be sustained are often
defined as nature, life support and community. These area’s to sustain may conflict with areas that are to be
developed. The three main areas to develop are people, economy and society. Finding the balance between
what to sustain and what to develop will be an ongoing debate, and as mankind gets to know more about the
environment, the planet and all its subsystems, it will become easier to oversee the effects of new develop-
ments allowing a sharper debate and more conscious development.

The growing awareness of sustainability and environmental issues is acknowledged by more and more
people and the Paris Agreement shows that also the world leaders are willing to invest in a more sustain-
able society and economy. These topics will be on government’s agendas and they try to achieve the needed
changes. Industry is also starting to adapt its policies and adapt to the growing demand for sustainable prod-
ucts and services, coming from both consumers as well as governments. Already multiple initiatives to stim-
ulate sustainable development can be found. However, achieving the goals set in the Paris Agreement are still
a long way. For the future the trend of sustainable development is expected to grow, as well as the actions
taken on this matter. The incentives given by the world leaders will spread to local governments who shall
develop and implement appropriate legislation for society and industry, depending on the local conditions.

More legislation can be expected and should stimulate more sustainable products and services. This also
asks for more tools to asses the sustainability of products and systems. The sustainability of a product refers
to how it effects its surrounding, during any stage of its life. The theory of Life Cycle Assessment is developed
to help create an overview of a products impact on the environment by assessing the entire products life, from
material extraction and manufacturing till the products afterlife. This provides an overview of what aspects of
a product have the most negative impact, making is possible to improve the product in areas where it is most
needed. An other theory to help assess and manage sustainability aspects within a company or cooperation is
the ISO 14001 which is currently used within several heavy industrial organizations. However, these tools are
still in development and it is proven difficult to come up with adequate and appropriate sustainability values
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that are accepted across industries. Life cycle thinking is thought to improve the management of continual
improvement which is key for ISO certified environmental management systems [22]. Some industries are al-
ready subjected to legislation on environmental assessment by the government. An example of standardized
assessment is the energy label for consumer goods or the emission rights.

Lots of activity can be seen in the struggle for sustainability. However, there is not yet any legislation di-
rectly concerning the sustainability of belt conveyor systems. As belt conveyor systems are found in different
industries they can not be typified by one particular industry only, but belt conveyor systems do contribute
to the performance of different industries. As more and more industries have to deal with environmental leg-
islation, all components within an industry should be assessed concerning sustainability. And belt conveyor
systems will not be excluded.

2.7.2. The sustainability Context of Belt Conveyors
The sustainability of belt conveyor systems will become increasingly important in the future and this should
be investigated now so that it is possible to adapt for the future. The belt conveyor system itself is not the
systems that is to be sustained, however it is the system that has to be developed. The development of belt
conveyor systems contributes to the economy as it performs an operation within a bigger process that is part
of some industrial company. Depending on the company, the belt conveyor indirectly contributes to the de-
velopment of the economy, the development of society and eventually to people’s quality of life. What is to
be sustained is the environment and the society that the belt conveyor comes in contact with. The environ-
ment can be influenced directly by belt conveyor system, as direct interaction occurs. This is also the case for
society, where entire communities or individual people can be effected. These areas to sustain are the basis
of life as we know it, and therefore we can say that these should be sustained for now and in the future.

Assessing the sustainability of belt conveyor systems is part of the ongoing debate and political cam-
paigns. Assessing is possible when it is known what the possible effects of the belt conveyor systems are.
Values that can be tolerated by society and the environment must be defined. This is something that receives
a lot of attention currently as governments develop new legislation including values to measure. In some
cases these are defined adequately already. As we know many things that can influence the environment and
people or society, the assessment is possible already. This requires for example monitoring air quality and
energy consumption during operation. The frequency of such assessments has to be determined depending
on the specific situation.
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Belt conveyor systems

The belt conveyor originates from the 19th century, and the first machines from that time were primitive
versions of the advanced belt conveyor system we see nowadays. At the end of that century the develop-
ment of belt conveyor systems was taking of and the technology was used in different industries, for example
to transport coal and ore in the mining industry, raw material for the German coffee industry and later the
technology was also used in the production facilities of Henry Ford. Currently there are all sorts of conveyor
systems based on the same principle: The use of a continuous belt or chain to transport material or goods to
its destination.

In the bulk solid material handling industry belt conveyor systems are used to transport large volumes of
material over long distances as well as over shorter distances. One can think of conveyor systems transporting
material over relative short distances such as within a facility between two machines or on a terminal between
a stockpile and a vessel. But also on a lager scale belt conveyor systems are used, for example to transport
coal from a mine straight to the energy plant tens of kilometers away. What makes a conveyor a unique piece
of equipment is that it can be used to create a continuous flow of material, over a specific desired distance,
while operating more or less automatically, as long as material is supplied to the conveyor. These character-
istics make that belt conveyor systems can be found in many industries with various applications.

This chapter will provide more insight in the through conveyor specifically as this is one of the most com-
mon used types of conveyors in the bulk handling industry. First the general anatomy and technology is
discussed, followed by the a deeper insight in how the system functions and how the components interact.

3.1. Basic components of a conveyor
The conventional design of a conveyor used to transport bulk solid material is build up with a few basic com-
ponents. The basic design consists of two or more pulleys, and a continuous belt that rotates around it. At
least one of the pulleys is powered to move the belt and idlers are placed every short distance to support the
belt over a longer distance. Depending on the load on the belt the spacing between the idlers is determined.
In figure 3.1 the basic structure and its components are shown. As the material for the belt must be flexible
to run over the pulleys it will also be able to stretch during operation. To compensate for this a take-up must
be included in the system. Depending on the belt material, the length of the belt and the load on the belt this
take-up will vary in design. A loading chute is required to direct the material onto the belt and make sure the
load is spread evenly over the belt.

The drive pulley is where the power it applied to the belt in order to move it. Commonly the drive pulley
is powered using an electric motor and a gearbox to reduce the RPM of the motor to the required RPM for the
desired belt speed. In figure 3.2 a typical drive train configuration is shown. As belt conveyors are designed for
longer distances, carrying heavier loads and crossing rougher terrain the design will become more complex.

There are many different types of belt conveyors, yet in the solid bulk material handling industry the
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Figure 3.1: Main components of a belt conveyor [24]

Figure 3.2: Conventional drive train [24]

through conveyor (figure 3.3) is mostly used. The advantage of this type of conveyor is that the idlers are
positioned in such way that the sides of the belt are folded slightly upwards creating a V shape in the cross
section of the belt. As the transported material is made up of separate particles it could easily fall of the sides
if the belt was just flat. With this through created in the belt the material can not fall of that easily allowing
more material to be loaded on the belt per meter of length. This increases the capacity of the belt making this
type of belt popular in this industry.

3.1.1. The drive chain
The components of a conventional drive chain are shown in figure 3.2. An electric motor is used to con-
vert electric energy into mechanical energy, ideally according to equation 3.1. In this equation the Pe is the
electrical power supplied,Te is the torque produced by the motor, and ωr is the rotational speed of the rotor.
This is a simplification of reality as electric motors do have loses in the systems and therefore are not a 100%
efficient.

Pe = Teωr (3.1)

The rotor speed that is produced by the motor can not be transferred to the drive pulley directly as it is too
high, while on the other hand, the torque is often too low to be able to move the entire load directly. Therefore
the output of the electric motor can not be transferred to the pulley straight away. A gearbox is added to the
drive chain to make this possible as it reduces the rotational speed from the motor to the desired rotational
speed for the pulley ωp . The ratio i of a gearbox is calculated according to equation 3.2.

i = ωr

ωp
(3.2)

As a gearbox decreases the rotational speed, it increases the torque by the same ratio. However, due to losses
in the gearbox the torque will not be increased exactly by ratio i. Therefore the output torque Tp of the gearbox
can be calculated using equation 3.3. In this equation Te stands for the torque input from the motor and ηd

stands for the efficiency of the gearbox.
Tp = i Teηd (3.3)

While designing a belt conveyor system choosing the right components for the drive chain is important. The
criteria for the system give a desirable capacity for the conveyor. The capacity depends on the material that
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Figure 3.3: Through conveyor loaded with coal [24]

can be loaded on the belt, and the speed at witch the belt is running. Basically the desired belt speed Vb

and the diameter of the pulley Dp determine the ωp that is required (equation 3.4), while the total load or
drive force Ft and the diameter of the pulley determine the torque Tp that is required (equation 3.5). Using
these figures the right motor and gearbox are selected and the diameter of the pulley is determined. These
components are most of the time standardized and and are most of the time selected from catalogs. The com-
ponents have to cope with the maximum loads on the system. These have to be determined and are typically
found in scenarios like starting up a fully loaded conveyor. Selection of the proper drive chain components
is important if one wants to make sure the design criteria are met. And this can only be done when the loads
on the system during every reasonable scenario are known.

ωp = 2Vb

Dp
(3.4)

Tp = Dp

2
Ft (3.5)

3.1.2. The conveyor belt
The belt is the trivial component in any belt conveyor as the belt carries the load, and transfers the power
from the drive chain along the systems. As the loads can be enormous the belt has to be made of strong and
durable material. It has to be both flexible as it has to pass the pulleys and bend in the through shape, but
is also has to be strong to withstand the tension in the belt. Depending on the load to carry it might need
other characteristics as well like heat resistant, cold resistant, fire resistant, oil resistant etc. depending on the
material to be transported. Also, the belt material used on the outer layer should provide the required friction
between belt and pulley.

To meet these requirements the belt consists of a strong carcass to transfer the drive through the belt, and
a cover that is used to protect the carcass (figure 3.4. The cover is often made of rubber, or a rubber mixture
because of its flexible, durable qualities and high friction coefficient. The carcass of the belt if often made of
though fabric for the lighter applications, and steel cord for the heavy duty belts.

3.1.3. Take-up systems
The belt is driven by the drive pulley and these two components only rely on friction to transfer the power
from the drive pulley to the belt. Without enough friction the belt would slip over the pulley resulting in a
stand still of the system. To ensure enough friction the belt must be kept under tension during operation.
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Figure 3.4: Example of belt material layers [24]

also the belt tension is important to minimize belt sag, as will be explained later on. This is done using a take-
up system, often placed at the head pulley of the conveyor. As the belt can stretch the length vary depending
on the situation, and this might require a take-up system that can cope with the changing length of the belt.
However this is not always necessary, for instance when the system is shorter.

There are three types of take-up systems that are seen most often.

• Gravity take-up system

• Winch take-up system

• Screw take-up system

These three types differ in size and application. Both the winch and the gravity take-system can cope with
variations in belt length during operation and result in constant tension on the belt.These two types mainly
differ in size and complexity. The screw take-up is used for belts with a constant length as the pulley is fixed
at a certain position. This also results in differences in tension exerted by the take-up systems depending on
the operation.

3.1.4. Idlers
Idles form an important component in the efficiency of the conveyor. Idlers are used to support the belt, both
on the loaded side, as well as on the return side of the conveyor. On the loaded side more idlers can be found
as there is more load to be supported. Although this sounds trivial it is a difficult consideration to make on
how much idlers there should be used. In general the less friction in the systems is desirable, but both less
and more idlers can induce more friction, and therefore an optimal must be obtained.

As the belt rolls over idlers the belt indents inducing resistance. Also the idlers that starts spinning in-
duced resistance because of its bearings. This leads to the conclusion that less idlers is desirable, but to little
idlers also causes friction in the form of belt sag. The belt between two sets of idlers tends to sag under its
load. This sag must be pulled up towards the next idler again again asking for more power. The amount of
sag is an effect of the distance between rollers. This asks for a lot of idlers close together, contradicting the
previous again. When we also add the influence of wear on the idlers, maintenance and costs in the equation
there are quite a lot of factors to bear in mind.

3.2. Material transfers at belt conveyors
Belt conveyor systems may include more than one conveyor, and have to be connected to a source of mate-
rial. Also the material has to be unloaded at some point, where it is transferred to an other mode of transport,
put in stock for later use, or used in another process. The material can arrive at the beginning of a conveyor
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Figure 3.5: Ship unloading into a hopper before it is loaded on the belt conveyor [25]

from various sources, typically straight from a mine or stockpile, or from an other mode of transport like a
vessel or train. Also multiple conveyors are linked together to make it possible to transport material over
longer lengths, or to create a flexible system with multiple routes. This last option is seen for example in bulk
terminal or production plants, as material form different places has to be fed to the same output point. Also
in longer conveyors transfers points are made when a sharp turn has to be made, or when the length creates
other problems.

Depending on how the material is fed to the conveyor a different setup for the transfer point is required.
Preferably a continuous material flow is to be created to load the conveyor as this allows the conveyor to
transport the material more efficiently. When the material is picked up using a grab to feed it to the conveyor
a small buffer is required to even out the loading process. When the conveyor is connected to a continuous
source of material there is no need for a buffer zone for the material. In that case it is important that the
material is fed at constant rate, and in volume that can be handled by the conveyor. It that is not the case
additional equipment is required to feed the material to the belt so that the conveyor is capable of handling
it. For example a bucket excavator or bucket re-claimer are able to create a continuous material flow for the
conveyor. These machines include a conveyor themselves which transport the material to the main conveyor.
This is possible as long as sufficient material is available. When the material is loaded onto the conveyor us-
ing an ordinary excavator a small buffer is used to even out the scoops of material from the excavator so that
again the material is loaded onto the conveyor in a continuous stream.

3.2.1. Loading
The load on a belt should be evenly spread across the cross section to make sure the weight is distributed
evenly. If this is not done it can result in the belt running of its supports, causing breakdown of the systems.
Also it is desirable to load the belt with a constant flow of material so that the load on the entire system is
constant. This will minimizes peeks in power consumption. To achieve this a chute is used. There are two
basic designs of chutes. The first one consists of hopper or silo that holds some quantity of the material so
that it can be deposited on the belt at a constant rate. The hopper is for example filled one scoop at the time
by an excavator or grab and holds a small buffer of material to make sure the flow out of the hopper is con-
stant. For example this is used while unloading a vessel. A crane with grab is used the take the material out
of the vessel and loads it into a hopper, form where it is loaded on the belt conveyor (figure 3.5). The other
main type of loading chute is used in transfer points from one conveyor to the next as is illustrated in figure
3.6. Such transfers can be made because of different reasons making a sharp turn being one of them. In this
case the material is flowing of the precious conveyor and the chute is used to ’catch’ the material and deposit
it properly onto the next conveyor. The prupose of the chute is to guide the material onto the belt so that it is
spread out evenly, seen from the cross section area, and to match the materials speed and direction with the
belt speed and direction to minimize wear to the belt.
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Figure 3.6: Configuration of belt conveyor and chute at a transfer point [26]

3.2.2. Unloading
Unloading a conveyor is done often done in a simple way. At the end of the conveyor the belt rolls over the
drive pulley and its direction is reversed. The material however will not follow the belt because of its inertia
and is thrown of the conveyor in the direction is was moving. In the case of a sticky material this might not be
enough, so a scraper can be installed to scrape the last bits of material of the returning belt. As the material
is thrown of it can be difficult controlling the trajectory of the material. Heavier parts fly further, as smaller
parts decelerate quicker. When the material is to be dumped on a stockpile this could not be a problem, but
when the material is to land a more specific zone some aid might be required. Then again a chute or hopper
can be used to direct the material to its destination.

3.2.3. Transfer points
Where two conveyors are connected the material is loaded form one conveyor onto the other. This happens
at so called transfer points, which are designed to guide the material that is coming from the first belt onto
the second belt. Most of the previously mentioned aspects are important in such a connection. Transfer
points are often used when a sharp turn has to be made. It is possible to make a turn within a single through
conveyor, but only with a large radius. When a sharper turns are required a transfer point is used. Here the
material comes of the first belt and is caught using a chute configuration that directs the material in the di-
rection of the new conveyor, and preferably give the material the same speed as the belt speed to second
conveyor to minimize wear.
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Sustainable operation of belt conveyor

systems

Belt conveyors systems are currently used in various industries. Especially for the transport of bulk solid ma-
terial these systems are valued because of their high efficiency and low costs. To maintain its position between
competitive transport modes further development of belt conveyor systems is required. Part of the develop-
ment of belt conveyor systems is dealing with trends like sustainability. Currently additional demands from
the market are created for most products. Not only low costs and high efficiency is valued in industrial prod-
ucts but this must be achieved with respect to sustainable aspects. In chapter 2 the definition of sustainable
development is used as a good concept that defines how to develop a product while keeping in mind other
valued aspects of our society, environment and economy. As sustainability is a recent demand from society
it is now the time to look into belt conveyor systems and investigate its sustainability, to gain insight in how
current systems perform, and make future sustainable development possible. In this chapter first the aspects
of sustainability are evaluated with respect to belt conveyor systems to select relevant areas for further inves-
tigation. Next, life cycle thinking will be used to define the stages of a belt conveyor’s life where its effects on
the relevant aspects of sustainability are significant. Also specific aspects with considerable impact from the
life stages will be selected to investigate further.

4.1. Context for assessment of belt conveyor systems
In figure 2.2 three aspects to modern life are mentioned that all have to be respected in their needs. These
three aspects are the society, environment and the economy, and are all important for life as we know it.
Where the three aspects meet sustainable development is defined. Taking a closer look at belt conveyor sys-
tems it is observed that these operate serving the economy. The economy overlaps with industry which pro-
vides goods and services for the society. Belt conveyor systems are used in production processes of food,
consumer goods and energy. Often early in the entire chain where they are used to supply raw materials for
different processes. How these three aspects relate to and interact with belt conveyor systems is discussed in
this section.

4.1.1. Economy
As mentioned belt conveyor systems can be seen as part of the economy. The economical advantages of a
belt conveyor are the reasons for its existence as belt conveyors were developed to improve efficiency and
cut cost of certain operations. These two aspects and are still important selection criteria as the economy is
structured to be costs driven. Governments attempt to stimulate more attention for sustainable development
by introducing costs for unsustainable behavior, but this is relative new and has not yet reached all regions of
the economy, leaving minimal costs still a major selection criterion in choosing a transport system.

As costs and efficiency is already embedded in how the operators and developers look at belt conveyor
systems this will not be included in main focus of this survey, but it can not be left out completely. Side effects
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of operation are interesting to minimize when these could lead to additional costs.

4.1.2. Society
Society includes most that has to do with humans directly, how they live and what they do. Different groups
people (communities) and individual people make up the society. Belt conveyor systems are part of the econ-
omy that serves the society with goods and services. But the society also delivers labor to the economy to keep
it running. Belt conveyor systems can operate more or less autonomously but still some human interference
is required for example when maintenance has to be performed. Also conveyor systems can be part of larger
operations of production processes which may include manual activities. That is why it is to be expected to
have employees around and interacting with a belt conveyor system. For them it must be safe to work with
the belt conveyor system, and health risks should be excluded or minimized. This is one aspect that will be
considered regarding society.

An other aspect that will be considered under society is the effect of belt conveyor systems on commu-
nities in the area of where the conveyor operates. Belt conveyors in operations can cause nuisances to in-
habitants in all sorts of ways. If the presence of a belt conveyor system is noticeable in a nearby residential
area it can cause protest from inhabitants. This is something to keep in mind a it can result in bad publicity
and has to be dealt with carefully. Also possible effect on the health of nearby residents should be a concern.
Therefore it is important to include these aspects in the scope as sustainability is about the coexistence of
multiple systems. Belt conveyor can also provide an important service to a nearby community, for example
the supply of resourced or local economy creating jobs. This is excluded from the focus of this survey as this
connection is not always evident, and has little to do with the sustainability of the systems itself.

Belt conveyor systems can also effect important life support systems in a community like ground water,
etc. but this will be covered in the next section about the environment.

4.1.3. Environment
The environment is the basis of all life on earth and is essential for society as it provides important life sources.
Examples are raw materials to fulfill industrial and social energy demands, and water and food for humans
other life forms. Also vegetation is of vital importance as plants convert carbon dioxide into oxygen. Besides
this the nature is valued by a large part of the people, including the biodiversity and natural ecosystems,
contributing to the healthiness of our planet. Industrial processes can have negative effects on nature as
emissions and spillages can pollute and disturb ecosystems that are part of the natural world. Also natural
resources can be depleted when it is used at a higher rate than the recourse is generated again by nature. And
all this can effect the human world as well as the biodiversity and natural balance in the ecosystems. Most
ecosystems have been around for many decades, but with the intervention of humans these systems can eas-
ily be thrown of balance and decay. Since human population has been growing at extremely fast rates the
impact of mankind on the planet has also grown substantially. The world population has grown from around
750 million in 1750 till around 7100 million in 2000 [8]. Not only are there vastly more humans on the planet
also industrialization has increased the use of resources per person as well, creating an exponential growth
in impact on the natural resources and ecosystems of the planet.

Specific environmental problems that occur on a large scale have been listed by the Milieuloket, a Dutch
initiative from the government that aims to inform about environmental policies and issues. These are im-
portant topics that currently receive a lot of attention in attempts to solve or control them. Therefore these
are should be considered while assessing the impact of belt conveyor system. The following subsections refer
to the information about environmental problems provided by the milieuloket. [19]

Climate change
Climate change is a tough problem of global scale. The usage of fossil fuels is the largest contributor to the
problem, but as our energy supply relies on these fuels it is hard to eliminate this factor. However, if we are to
decrease the emission of greenhouse gasses the production and usage of energy must change.



4.2. Brief life cycle assessment for belt conveyor systems 23

Decreasing biodiversity
Human activities have claimed much living area for plants and wildlife. Also the wastes form society and
economy threaten species, causing a decrease in the biodiversity. Only by taking better care of nature this
can be stopped. Important is to control wastes and emissions better and protect environmental domains by
stopping the deterioration of living space for plants and animals.

Noise nuisance
Noise can be a nuisance to people and communities and it comes from all kinds of sources. Industry is one of
those possible sources as heavy machinery and industrial equipment can be noisy. For the comfort of people
in the neighborhood it is best to keep noise production to a minimal and take measures from noise spreading
over larger areas.

Air pollution and emissions
Exhaust gasses and industrial emissions are threatening peoples health as these are known to cause lung and
heart problems. To guarantee good air quality regulations are imposed on industry and other sources of ex-
haust gasses and emissions.

4.2. Brief life cycle assessment for belt conveyor systems
Life Cycle Assessment was found to be a helpful method to map the impact of a certain system. It can be used
for complete in depth analysis tool to quantify the impact of a system, but it can also be used to map what
aspects of a system have a large impact in a more general way. Life cycle thinking requires to look at all stages
of a system to identify elements or aspects that have a large impact. In this review life cycle thinking is used
to identify important aspects to the belt conveyor system that are worth assessing on its sustainability. The
five stages on a products life cycle as illustrated in figure 2.5 are listed below. These five stages will be briefly
discussed for belt conveyor systems.

• Extraction

• Processing

• Manufacturing

• Use

• End of life

Extraction
Extraction concerns the retrieval of raw materials from nature. In includes materials that are used for the
production of electricity, for the production of chemicals and for the production of construction materials
for products or constructions of any scale. There extraction processes require the use of heavy machinery
and industrial processes which can impact the environment in several ways. Also lots of energy is required
during operation.

For a belt conveyor several materials would have to be extracted from the earth. Lots if steel is used, re-
quiring iron ore. An other material that is used a lot in belt conveyors is material for the belt. Both synthetic
material as natural material can used for the belt material. As there are lots of varieties in both belt cover and
carcass it is not directly clear where the material comes from. Other metals, polymers and more also can be
used. These are mostly materials that are also used in lots of other industries and processes. This makes it
less interesting to investigate in further detail regarding belt conveyors specifically.
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Processing
To create the building materials that are used in the manufacturing stage of a belt conveyor’s life the raw
materials have to be processed. This includes a wide variety of processes, for example, to create steal out of
iron ore. Again, this requires processes that can impact its surroundings and can be costly in terms of energy
consumption. For the same reason as in the previous paragraph this is not investigated further in this survey.
These processes serve a wide variety of industries, and can can each be topic of a separate survey themselves.
This would deviate to much from the topic of the sustainability of belt conveyor systems for this survey.

Manufacturing
During the life cycle assessment of the manufacturing stage of any product the thing that are looked at are
the materials used to create the final product, and how efficient this is done. If the manufacturing creates a
lot of waste material this is considered unsustainable. This can be minimized to recycle the waste materials
and reuse them in the same or an other process. Again the energy consumption is included, as well as the
impact of the manufacturing processes on the environment.

Many components of a belt conveyor systems can be ordered from different specialized manufacturers.
Think of the components of a drive train, and the idlers. Other components are designed and manufactured
specifically for belt conveyor systems. Depending on the location standardized components will be sufficient,
but for more demanding location of projects some components might have to be designed for that location
and operation specifically. When the components are standardized, manufacturing of the belt conveyor’s
components can easily be optimized, while for an unusual location this is a lot harder. Especially installation
on site can be challenging when it comes to remote locations in hostile environments.

The manufacturing of components includes a wide variety of possibilities making difficult to assess the
general impact of this stage of the life of a belt conveyor system. This will only be interesting when a specific
case of a belt conveyor is assessed, and is therefore not included further in this survey.

Use
The usage stage of a belt conveyors life cycle is a mayor contributor to the impact of a belt conveyor system.
Also it is possible to asses the impacts of this phase in a general way as there are a couple a side effects of
operation that occur in most situations. Still this depends the location of the belt conveyor system and the
material that is transported. As belt conveyor are build to last for many years the usage stage of its life will
probably have a high impact considered to the other stages. Belt conveyor systems are build to last a life time,
and are not consumer goods. When it breaks down, it is often repaired. This makes the impact of the usage
stage interesting when assessing the sustainability of a belt conveyor system.

One aspect that is applicable to the usage stage of all belt conveyor systems is the energy consumption.
Moving large amounts of material costs a lot of energy. Currently most of the world energy is produced using
fossil fuels which have a considerable impact on the planet and its ecosystems. Also it depletes the worlds
resources. The amount of energy used can differ depending on the terrain that is crossed, but is always ef-
fected by several system components. These components are therefore interesting to investigate further. The
effects of energy consumption on the environment, together with the energy consumption of belt conveyor
operations and how this can bi minimized will be discussed in later chapters.

Side effects of operation of a belt conveyor system can occur during operation. Although the side effects
that occur depend on the material that is transported, there are several phenomena that are know to occur
in most cases. Common side effects are noise and dust generation. Depending on the material, and the loca-
tion this can be a problem that has to be dealt with as well. These two side effect will also be included in the
following chapters.

Besides energy consumption also the location of a belt conveyor system can have a considerable effect of
nature. Especially overland conveyor can cross living space of wildlife and communities of different people.
As the systems are build to last a long time it is can be interesting to include the impact of its location. How-
ever, this is not included in great detail as this is very specifically depending on the location and therefore



4.2. Brief life cycle assessment for belt conveyor systems 25

should be investigated case by case. But since it can have various effects that are with mentioning these will
be discussed briefly later in this chapter.

The usage of belt conveyor systems also include interference with people that perform maintenance, or
other tasks regarding the operation of the system. This is included as well in the focus as the sustainability
included the impact on society as well.

Maintenance
Although belt conveyor systems are often designed to last long, still maintenance is required. The system
consists of many different components of which many will wear because of the use. With popper design and
installation of the system the wear can be kept to a minimum, but still wear will occur. And wear can lead
to negative side effects, like an increase in noise generation or an increase of friction in the system. On top
of that failure of certain components can cause failure of the entire system, and even cause damage to the
systems as well. For example, when the belt ruptures the system will come to a abrupt standstill resulting in
possible damage to the idlers and lots of spillage of material. The result of such event can be dangerous to
nearby employees ass well and will lead to a long stand still of the system.

To prevent scenarios like discussed above regular maintenance is of significant importance. Both to mon-
itor the state and functioning of the system, as well as to replace faulty or worn out parts before is causes
dangerous situations and failure of the system. Therefore maintenance is to be considered an important part
of usage stage of the life cycle of a belt conveyor system.

Maintenance helps the guarantee up time of the system, and lengthen the life time of a belt conveyor. In
the light of life cycle thinking this is considered valuable as well. With proper maintenance on the systems,
new materials to rebuild the system are kept to a minimum. The systems long life time however can also have
a negative effect as well because when the system gets older, it is possible that its efficiency goes down, or
that more efficient systems became available in the meanwhile. There will always be a trade off between the
benefits of the energy consumption a new more efficient system versus the material and energy that goes into
building the new system. Also maintenance will increase over the years for older systems.

This trade off is currently made with respect to the financial aspects of the issue. However, the same can
be done for the environmental aspects of this issue using life cycle thinking. Unfortunately the emphasis in
current business model lies on the financial aspect. This can result in a belt conveyor system with high envi-
ronmental impact to stay in operation as it is financially still the most profitable option.

The impact of maintenance on the sustainability will not be the main focus of this survey. However it
will be discussed briefly when it can contribute to more sustainable operation of the system. In the following
chapters different impacts of belt conveyor systems are discussed, including preventative measures for neg-
ative side effects. Proper maintenance can sometimes be a viable solution, seen from the sustainability point
of view. However, maintenance can be costly as it may interrupt operation, and often include manual labor.
When the status of the current system does not propose direct danger to employees or the systems up time,
the financial aspect is most of the time conclusive in the decision.

End of life
When a belt conveyor systems is no longer needed, or has to be replaced with a new systems it has reached
its ed of life. At this point all the parts and materials in the belt conveyor will be taken away as it will not
generate profit anymore. In the life cycle assessment the end of life stage is also included as the material
can be a big burden to the environment. Many man-made materials do barley deteriorate in nature unless
mankind breaks them down. Some materials used can release toxic chemicals, or propose other dangers to
the environment. The impact of the afterlife is therefore important in life cycle thinking.

In the case of a belt conveyor system the afterlife is considered a small part of the entire cycle. Also the
materials used are often not very toxic. However, most systems include a huge amount of material that is
worth recycling. A lot of metal is used, and this can be recycled rather well while the rubber belt is probably
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more challenging to recycle. Because belt conveyor systems are often upgraded instead of replaced entirely
the afterlife is only a small aspect and will therefore not be included in the rest of this survey.

4.3. Environmental and social concerns during belt conveyor operation
From the previous section it became clear that the use or operational stage of the belt conveyor will be the
focus of this survey. Also the focus of the survey will be on the social and environmental impacts of a belt
conveyor system.

Operation of a belt conveyor systems also has effects that are less desirable. Some are inevitable as it is
required for the systems functioning, others are side effects of operation. The side effects effects can differ
per situation as the materials that are transported have different characteristics. Most of the regular side ef-
fects and other negative effects are mentioned and discussed regarding relevance for further research. The
selected topics will be investigated further and evaluated in later chapters.

Energy consumption
Belt conveyors perform a task that requires a lot of energy. Usage of a belt conveyor for transport is most in-
teresting in scenarios where a lot of material is to be transported. The energy consumption of a belt conveyor
system does have an impact in various ways. Energy in the form of electricity must be produced and this
energy can be produced using different energy sources. How this is done depends on the location of the belt
conveyor and the available resources. Depending on the available energy source in the area the electricity
can come from a renewable or fossil source. In most part of the world fossil fuels are the main source. The
energy consumption could therefore be likened to emission of greenhouse gasses which contribute to cli-
mate change. Also energy consumption forms a major part of the operational costs of a belt conveyor system.
Therefore it will be interesting to see what effects the power consumption of belt conveyor systems and what
is being developed to reduce this.

Dust and spillage
Dust generation and the spillage of material often occur as negative possible side effects of the processes and
equipment used in the material handling industry. The handling equipment continuously processes huge
amounts of material. As the material consists of separate particles it is required to guide the material to the
place it is supposed to go in order to prevent spillage of material. Spilled material can build up around the
equipment possibly causing nuisances and problems. Due to the handling procedures smaller particles can
be separated of the material and get airborne. The airborne particles, dust, is difficult to control as it can
be picked up by the wind and deposited at any location. Both spillage and dust have negative effects on
the equipment’s life time and functioning as it can cause wear different components. When spillage occurs
cleaning is required and wear results in more maintenance tasks. Both result in more labor and downtime of
the system, increasing the operational costs, and decreasing profits.

Beside its effects on the equipment and the process, spillage and dust can also be a nuisance to nearby
communities and create health risks to both the workers and inhabitants in the area. Especially dust is much
more dangerous than was thought in the early years of the mining industry. Chapter 6 will be dedicated to
the impacts dust and spillage can have on the sustainability of belt conveyor systems. The chapter includes
insights in how and where dust is generated during operation of belt conveyor systems, what the dangers
are to the environment and the people, and it will give an overview of what possible prevention and control
methods are currently available to deal with dust and spillage.

Noise
Operation of a belt conveyor can generate lots of sounds. The conveyor is a large machine with many moving
components. Especially loading and unloading of a conveyor can cause lots of noise generation, but also the
belt running over the idlers is a possible source of noise. Noise generation is often continuous during opera-
tion, with maximum levels around transfer points. Subjection to loud noise can do damage to ones hearing
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resulting in temporary discomfort or permanent damage. This is a real risk for people working in direct sur-
rounding of a conveyor for longer times at once. But also surrounding neighborhoods can have nuisance
from noise. High sound levels can lead to restlessness and insomnia. But noise generation is not only a prob-
lem to people. Wildlife can also be effected by the sounds generated. This is for example the case when the
belt conveyor system is located near the feeding or breeding area of certain species.

Both seen from a social as well as from an environmental point of view the noise generation should be
kept to a minimum. However, the impact on others can differ depending on the location of the belt conveyor
system. Therefore also the preventative measures that are required can differ per situation. Both noise reduc-
tion as well as noise protection are option to consider. In chapter 7 the sources for noise generation during
operation will be discussed, followed by effects noise can have on society and environment. Also techniques
to minimize and prevent noise generation are included.
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Energy consumption

For the transport of bulk solid material belt conveyors are frequently chosen as the mode of transport since
it is an efficient and cost effective way of transport. As the word ’bulk’ already suggests, the quantities of ma-
terial to transport are large. Often the supply of material is more or less constant for a significant period of
time. A belt conveyor system allows transportation over long distances to go continuously and automatically.
However, the transport of such large quantities of material requires a lot of energy. And depending on the en-
ergy source it will have an impact on the global resources and the environment. How the power consumption
has an impact on the environment will first be discussed in this chapter. The effects on the environment are
likely to cause changes that will effect the society as well, as will be discussed in the following section. Next,
the basic power consumption of a belt conveyor is investigated, to get some insight in what factors influence
the power consumption. Finally recent improvements in the technology and promising new techniques are
presented and explained.

5.1. Environmental impact
Energy can be found in many forms, but our modern society requires a lot of energy in the form of electrical
energy. The same applies to belt conveyor systems as these most of the time are driven by an electrical motor.
Electricity itself is not a natural recourse and can be produced in different ways. The conventional ways to
produce electricity is via a power plant that is driven by a fossil fuel like coal or gas. In remote locations mobile
generators can be used which can also be powered by gasoline or diesel. A newer energy source is nuclear
power. These types of power generation create a lot of harmful emissions or wastes for the environment. The
use of fossil fuels results in large quantities of green house gasses, which are a major contributor to global
warming. Also the natural resources of fossil fuels are running out as the fossil fuels are being used at higher
rates then it is regenerated by nature. Herman Daly stated the following three ... (voorwaarden) for a society
to be physically sustainable [27]:

• The rate at which renewable sources are being used does not exceed the rate at which these sources are
regenerated.

• The rate at which non-renewable source are being used does not exceed the rate at which sustainable
renewable resources are being developed.

• The emission of harmful and polluting substances do not exceed the natural cleaning capacity of the
environment.

Currently mankind does not meet the last two, if not all three, of these criteria.

The extraction of fossil fuels has large impacts on the environment. The oil industry has caused many oil
spills over the last decades, destroying the living areas of many species. Waters and grounds have been pol-
luted killing lots of animals and vegetation. Cleaning operations are very costly and only partially effective.
Also coal mining has made deep scars in the earth’s surface, again destroying nature.

29
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Figure 5.1: World map indicating the Palmer Drought Severity Index (DPSI) for the decade of 2060-2069 [30]

Also nuclear power has the disadvantage that it leaves behind nuclear waste which is very dangerous ma-
terial. Operation of a nuclear power plant and storage of the waste is dangerous as the effects of a meltdown
are enormous. Therefore these energy sources are undesirable to use in large quantities.

Currently the usage of green energy sources is developing in the form of solar power and wind power.
However, this industry is not mature jet and just a very small amount of the worlds energy consumption
comes from natural renewable green resources. According to the International Energy Agency the worlds pri-
mary energy supply still consists for 81.4% of fossil fuel. [28]

5.1.1. Greenhouse gasses and climate change

Electricity generation has a big impact on the environment as it is a large contributor to the emission of green
house gasses. These green house gasses are one of the main reasons for global warming. Joseph Romm pub-
lished in 2011 a warning of the expected consequences of global warning if this continues at current rates,
and the scenarios he predicted are mentioned in this section. [29] The earths temperatures will continue to
rise, and this will continue at even faster rates if also energy consumption is not brought down. Results of
the rising temperature are changing climates all over the planet. This includes melting of the polar ice which
causes the sea levels to rise. If this continues the coastal areas will flood which would have major conse-
quences as a larger percentage of the world population is living in the coastal regions. But strangely enough
this problem with the sea levels does not ensure fertile and green land. The rising temperature will change
large parts of currently fertile grounds into desserts. A landscape and climate like the one in Northern Africa
can be expected the emerge up north as far as London, Paris, Berlin, Beijing or San Francisco. This will cre-
ate shortages of fertile farmland increasing the food problems we have already in many parts of Africa. Also
the hotter temperatures create climates where tornado’s and heavy sand storms will occur more frequently
with all their destructing effects. Scenarios like these are based on moderate climate change. These are not
worst case predictions as these were made based on current emission levels, neglecting the increase in emis-
sions that we are sill witnessing today. Scenarios like these can already be reality in the year 2060. Figure 5.1
shows a world map indicating the Palmer Drought Severity Index (PDSI) for the decade of 2060-2069. To give
a comparison: In great parts of the United States the DPSI only briefly peeked at -6 during the ’Dust Bowl’,
but during the rest of that decade the measurements did barely indicated above a -3 drought level. This was
already enough to abandon before fertile farm land on a large scale. [30]
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5.2. Social impact
One can imagine that such effects on the environment also have a huge impact on society as well. As men-
tioned the rising sea levels endanger the living area a vast amount of the world population, and also fertile
grounds can fall into decay because of rising temperatures. This will alter our modern society and endanger
many communities. And all these effects can already be real in the year 2060 if we continue in this way. But
also some effects are already noticeable as it directly effects societies. For example the heavy industry around
Shanghai and Beijing in China contribute to lots of smog in the air. This limits visibility as these cities appear
the be in a grey cloud most of the time and it is bad for the health of the people inhaling it. On days of heavy
smog breathing the air can be compared to smoking cigarettes. An other example is the extraction of gas
from the ground in Groningen, in the Netherlands. This causes regular earthquakes, and as the ground starts
moving, many houses damage and walls tear. These effects directly influence communities as people are
endangered, and living areas are being destroyed. And the ongoing environmental changes will only effect
society more and more.

5.3. Basic power consumption
Belt conveyor systems are seen as a efficient way to transport large amounts of material, and compared with
other modes of transport the systems are often already performing well in terms of energy consumption. Also
the fact that belt conveyors run on electricity make that they have lots of potential to also the the sustainable
mode of transport the future needs; when the electricity used comes from a green or renewable source. How-
ever, still further development is required to bring the energy consumption down. At this moment this will
contribute to a more sustainable world, but also ensure the market position of belt conveyor systems in the
future. This s because energy costs are currently the major contributor to the operational costs of belt con-
veyor systems. [31] [32]

In this section the focus lies on the energy consumption of belt conveyor systems. The goal is to find out
what factors contribute to the energy consumption of the system. In chapter 3 the power consumption of
a belt conveyor systems is already briefly discussed. From that chapter we learn that the power that is con-
sumed by a belt conveyor is linked to the drive force. The drive force together with the pulley dimensions
determine the required drive torque 3.5. Through the gearbox this drive torque is delivered by the motor
torque 3.3. The motor torque directly determines the power consumption 3.1 for the entire system. So the
drive forces, together with the efficiency of the drive chain components, directly influence the power con-
sumption. As the drive train components are bought from external manufacturers these will not be discussed
further. However, the combination of other components in the system will determine the drive force and
these will be discussed in this section.

5.3.1. Drive force components
The drive force needed to make the conveyor run and keep it running is a combination of 4 different resis-
tances in the systems. To accelerate the belt, or keep it running at a continuous speed, these resistances
have to be overcome, leading to the power consumption of the motor as explained in the section about the
drive chain. The four groups of resistances are listed below and add up to the total drive force Ft as shown in
equation 5.1

• Main or primary resistances FH

• Side or secondary resistances FN

• Gradient or lift resistance FS t

• Special resistances Fs

Ft = FH +FN +FS t (+Fs ) (5.1)
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Main resistances
The main resistance FH is build up of the entire mass that is moving in the system and this includes the
mass of the rollers that the belt is running over and the mass of the the belt as well. The different masses
are calculated per meter length of conveyor and are defined as the mass of the rotating rolls m′

R , the mass
of the belt m′

G and the mass of the material on the belt m′
L . In equation 5.2 the masses per meter length are

added up. The total mass of the systems is defined as M, the length of the conveyor is defined as L and the
inclination angle is defined as δ. Important to realize that the mass of the entire belt has to be taken into
account, including the return side. Therefore the mass of the belt is also multiplied by 2.

M = L[m′
R + (2m′

G +m′
L)cosδ] (5.2)

FH = f M g (5.3)

To calculate FH equation 5.3 is needed were g is the gravitational constant, and f is the equivalent friction
factor [33]. The norm for belt conveyors for loose bulk materials, DIN 22101, prescribes how this equivalent
friction factor has to be calculated.

Side resistances
The side resistance is determined through experiments and appears to have a fixed relation with FH . This
relation is shown in equation 5.4. The coefficient C is a factor between 1 and 9, and declines as the length of
the conveyor increases. For short conveyors this resistance is has a major contribution to the total resistance.
As the length of the conveyor increases the effect diminishes and can almost be neglected for conveyors of
considerable length.

FN = (C −1)FH (5.4)

Gradient resistances
When a conveyor has a path that is inclining this will add dramatically to the required drive force. In order to
move a load up to higher ground, it has to increase in potential energy resulting in high energy consumption.
This resistance is calculated using equation 5.5.

FS t = Hm′
L g (5.5)

In this equation H elevation in meters that has to be reached. The contribution to the total energy consump-
tion can clearly be seen in the comparison between conveyors with large differences in elevation as made by
Alspaugh in 2004 [34]. As the elevation between the begin and end of a conveyor becomes larger, the effect
of the lift resistance increases tremendously and the other resistances can diminish to only 10% of the total
resistance. However, it is not possible to elevate a load without adding considerable energy to the load. This
means that the lift resistance is inevitable. Using a more efficient conveyor will not influence the absolute
energy that is required for the lift of the material [35].

Special resistances
So called special resistances can be specified in case other resistances occur that are not common on other
conveyors. An example is for instance when the conveyor track includes turns which induced extra resis-
tances that normally would not occur. With most through conveyors there would be limited to no special
resistances to account for in the model.

Total drive force
When the previous equations are substituted in equation 5.1 the more specific equation 5.6 is found. This is
excluding the special resistances as these are not applicable to every conveyor and have to be defined in case
they occur.

F =C f L[m′
R + (2m′

g +m′
L)cosδ]g +Hm′

L g (5.6)
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5.3.2. Losses in the system
That a load will induce resistance and requires a certain force to be transported can be considered trivial.
But when one looks to the conveyor in more detail, it is possible to point out what creates these resistances.
This knowledge is important while designing more efficient conveyors. This section will discuss a few typical
phenomena that occur within belt conveyors that cause energy losses in the system. [35]

Rubber indentation losses

Where the belt makes contact with a roller or idler the belt will dent under at the contact area. This happens
constantly as the belt moves along and this happens at every idler. The effect of this is loss of power as it costs
energy to dent the rubber. Using other types of material or higher belt speeds the losses from this phenomena
can be reduced.

Material flexural losses

The through in the belt is created using idlers as they push the sides of the belt upwards. This allows more
material to be loaded on the belt. But in the spaces between two sets of idlers the sides are not supported
and the material will sag outwards. Also will the material sag downwards as an effect of gravity. When this
material passes the next idler it is pushed back inwards and upwards as the idlers dictate a specific shape for
the belt. The move the material back into the desired shape costs power and therefore induces losses again.
This losses can be minimized by shortening the idler spacing and increase belt tension.

Idler losses

The idlers itself must be positioned perfectly relative to the belt in order to minimize losses. When the rota-
tional axes of an idler is not precisely perpendicular to the belt also losses occur. The rolling direction of the
idles is not the same as the movement for the belt and this causes the belt to partially slide over the roller,
inducing more friction and therefor losses. This also may effect the life of the belt as the cover wears faster
due to the sliding.

5.3.3. External influences
The energy consumption of a belt conveyor is not only determined by the efficiency of the components in
the system. There is a considerable difference in power consumption between flat conveyors and inclined
conveyors. Inclined conveyors lift the material up to an other height which requires a lot more power. This is
inevitable as potential energy must be added to the material in order to lift it, and in this situation the main
contribution to the energy consumption comes from this lift (figure 5.3). In the case of a flat conveyor the
energy consumption is mainly dictated by the belt material flexure and idles resistance (figure 5.2) [35] [34].

When looking at the equipment, the power consumption is caused by several factors. As previously said,
depending on the terrain the lift determines the power consumption for a great deal. Also the energy losses
in the system contribute to the power consumption as resistances have to be overcome in order to keep the
system running. In section 5.3.2 three examples are given of how components induce losses in the system.
During start up peaks in the power consumption occur. Besides this, also the drive trains efficiency influences
the power consumption as energy losses in the conversion of electricity to mechanical energy do occur. All of
these are areas where possible improvements can be made to decrease power consumption.

Power consumption can be addressed on both the equipment level, as well as on operation level. On
equipment the focus lies on using more efficient components that perform the operation using less electric-
ity. This could be a motor or gear reducer that transform the energy more efficient, but it could also be a
new belt or better idlers that induce less friction in the system. On operational level the occupancy of a belt
conveyor system can be optimized focusing on power consumption. Theses will be discussed in this section.
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Figure 5.2: Flat belt power [35]

Figure 5.3: inclined conveyor power [35]
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5.4. Technological innovations to minimize power consumption
The power consumption of belt conveyor systems is an aspect that receives a lot of attention from differ-
ent manufacturers. Decreasing the power consumption is interesting for the operator as this brings down
operational costs, and improves sustainability performance as well. Also more regulation concerning energy
consumption is to be expected. All this makes it worth to invest in more efficient technologies and techniques
to bring down energy consumption of belt conveyor systems. This is visible in the market as many companies
advertise with new belt conveyor solutions on this issue. In the previous section several factors that influence
the power consumption of a belt conveyor system were indicated. This section will show what technological
innovations are available to minimize power consumption.

5.4.1. Motor technology
The motor plays a big role in the energy efficiency as this is where the power is consumed. Chapter 3 shows
that the drive train converts the electrical power to mechanical power driving the motion of the belt con-
veyor. This conversion includes a electrical motor and a gearbox, both converting the energy with a certain
efficiency. With higher efficiency of these components energy losses can already be decreased. Older com-
ponents tend to have a lower efficiency, as after years of operation the efficiency of components can decrease
because of wear. Also new developments in technology over the years might have improves efficiency overall.
The investment in new and better electric motors has a very short payback time as the acquisition of a 3000
hour annual service life only accounts for less than 3% of the total costs for that motor. Yet 95% of the total
costs come from energy consumption. Is it clear that a more efficient motor can pay itself back in a short
period of time and is therefore interesting from both an economical and the sustainable point of view [36].

As electric motors have a much larger application than in belt conveyor systems alone it is an active re-
search field for along time already with multiple industries investing in it. The belt conveyor industry often
purchases the specific motor for a belt conveyor system from a specialized motor manufacturer as they have
the know how to provide state of the art products. Since electric motors are applied in various industries it is
possible to choose form a wide range, and enough motors that suit belt conveyor systems are available. Over
the last decades the conventional electric motor have been replaced with a new generation of energy efficient
electric motors that is up to nearly 5% more efficient resulting in considerable reduction of the energy costs
[37]. New belt conveyor systems can be equipped with efficient motors, but also older belt conveyor systems
can be easily updated with more efficient motors. This is an interesting option when motors are burnt out,
but it can even be profitable to replace older motors before they stop functioning. Because of the expected
energy savings such an investment can pay itself back in a short period of time. Off course the local energy
price has to be taken into account.

5.4.2. Speed control
The energy consumption of Belt conveyor systems can be reduced by improving the operation efficiency
trough coordination of its belt speed and feed rate [38]. Coordination of belt speed and feed rate is often
mentioned as variable speed drive of speed control, and attempts to load the conveyor to its rated capacity.
The rated capacity of a belt conveyor is the capacity that the manufacturer guarantees for that specific con-
veyor. Depending on the feed rate the conveyor is slowing down or speeding up. For example the conveyor
slows down when less material is fed to the belt. This allows the conveyor to be filled up to rated capacity.
The lower speed of the conveyor costs less energy, while the amount of material that is transport per time
unit stays the same since this is determined by the feed rate. Using simulation it is shown that variable speed
control can indeed safe energy, although it is not applicable in every scenario. Speeding up the belt conveyor
requires and additional acceleration, which requires extra energy. If the feed rate changes constantly, the
conveyor has to sow down and speed up for short instances of time. Since this costs energy it is not profitable
to do this for every small change in feed rate. Only when the feed rate stays constant for a longer time, it can
be profitable in terms of energy savings.

A conveyor can be stationed in line with a feeder, or and other conveyor to feed material. In figure 5.4 the
situation with two conveyors in series is illustrated. The first conveyor runs at a certain speed vr with a small
amount of material on the belt, as can be seen at its cross section area of material on the belt A. The second
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Figure 5.4: Cross section of belt conveyor at different speed [39]

conveyor runs at a lower speed v < vr so that more material per length unit is loaded on the second conveyor.
This can be seen in the cross section area of material on the second belt Ar . If a conveyor operates on less
than rated capacity, there are multiple possible combinations of belt speed and cross section area of material
to transport the same amount of material [39]. The two conveyors in figure 5.4 transport the same amount of
material in the same time, and this amount is dictated by the feed rate.

Adjusting the belt speed to maximize the cross section area of material on the belt should result in en-
ergy savings, according to DIN22101 [33]. The proposed resistance model in DIN22101 assumes that the
coefficient of friction f is constant. This indicates it is not a function of belt load or velocity resulting in the
conclusion that adjusting the belt speed or belt load has no influence on the friction. Therefore it is theoreti-
cally possible to save energy using speed control on conveyors, to reduce belt speed and maximize belt load,
or cross section area of material on the belt. Currently several researches are dedicated to the development
fuzzy speed control for belt conveyor systems to improve the energy efficiency, and make this applicable in
the field. [40] [39]

5.4.3. Low loss conveyor belts
Technology concerning the belt itself has also improved. Belts consists of a carcass, in between a cover to
make it durable and strong enough. As the carcass performs as the structural part of the belt is has to be
tough and able to withstand high stresses. Therefore a common type belt carcass is steel cables. However,
this can increase the weight of the belt tremendously and all that weight has to be pulled around, costing
energy. To bring down the weight of the belt, the carcass has been researched and an alternative for the rather
heavy steel cords has been found in the form of Aramid [41]. This material at the same strength, is 5 times
lighter than steel and 4 times lighter than polyester [42]. This saves considerable weight of the belt compared
with the conventional reinforcement, resulting is lower belt induced resistances. In the cases tested in [42]
energy savings of 40% up to 60% are expected which would be enormous. The payback time of such belt is
very short; only two to three months. This shows how much can be gained from the use of smart materials in
belts, both from and environmental as from an economical point of view.

Over the past years several low loss conveyor belts have been developed. As material knowledge grew, and
more synthetic materials became available there was a lot of choice for net belt material. Now the quick gains
in this area have been picked and significant improvements have been made. The improvements that are still
to be made are smaller and require more research.

The locations where natural materials are extracted spread as former mines are running out. This leads to
a question from the market for longer belt conveyors, so called overland conveyors. As technology advances
such overland conveyors have become possible, also crossing more challenging terrains. A longer conveyor
also means the increase of the belt weight in the system, increasing the resistance in the system. In overland
conveyors this additional resistance in significant because of the length of the belt. This asks for the design of
lighter belt covers and carcasses.



6
The impact of dust generation and spillage

This chapter is dedicated to the impact of dust generation and spillage of material during operation of belt
conveyor systems transporting bulk solid materials to the environment and social communities and individ-
uals. The goal is to gain insight in what causes dust generation at different stages of the process, and what
causes spillage of material during operation. After this the impact of dust and spillage on the environment
and the society will be discussed, including a brief overview of possible financial consequences. After this
strategies and technologies will be discussed to give an overview of possible solutions to the problem.

6.1. Sources of dust generation and spillage
Different kinds of bulk material are moved in great quantities by belt conveyor systems. When the material
contains light enough particles, dust generation will be a problem during different stages of the handling pro-
cess. The constant moving of the material creates the risk of spillage and particles becoming airborne. In the
case of belt conveyor systems the loading and unloading of the conveyor a transfer points creates additional
movements of the material as it changes direction, comes in contact with multiple part of equipment and
decelerates and accelerates. Also dust can be shaken from the belt as it passes over the idlers. Further a high
velocity of ventilation air, or winds in the open, can assist the release dust by drying the material and releasing
settled particles [43]. However, especially during loading and unloading of the belt conveyor huge amounts
of dust are generated, as the material is shaken up the most. (figure6.1).

During loading of a conveyor belt the material falls down and is directed onto the belt. To do so a chute is
used, which directs the material in the right direction to prevent spilling and create an even load distribution
across the conveyor belt. During this process the material can make contact with the chute or with other
particles of the material, possibly causing more dust particles to emerge. The material falls of the conveyor
and this lands in a designated area. Dust pollution at the transfer station is primarily caused by the air en-
tertainment and shock waves [44]. The falling material takes air with it, causing additional airflow around
the material, and on impact shock waves occur. This causes particles to be blown away, creating dust. The
effects of unloading a belt conveyor are comparable to the loading since the material is changing direction
and speed, causing the entrainment of air and dust generation. The unloading is usually done at the head
pulley where the belt follows the pulley to return, and the material continues in more or less the direction it
had because of its inertia. The material falls of the belt and lands in a chute or a sort of container, or on top
of a stockpile, and is also vulnerable for spillage and dust generation as is described before.

Depending on the final usage of the material it is desired not to break it into smaller particles during pro-
cessing. This would also create more dust and possible spillage. Therefore the handling equipment is often
designed to minimize impact on the material, in order to minimize damage to the particles. When the han-
dling equipment causes dust generation it is important to include dust prevention and dust control measures
in the process. This is often required at transfer points, although in the case of material that is more likely to
become airborne, dust prevention might have to be included all along the route of the conveyor.

37
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Figure 6.1: Dust generation during unloading [45]

The type of material influences the amount dust generation. Only small and light material particles can
become airborne resulting in dust, as the particles are often less than 500 micron in size [46]. Material that
has larger and heavier particles will create less dust. Also moist material is not likely to cause dust as the moist
makes the small particles heavier, and stick together or to the equipment making it less likely to get airborne.
The weather conditions influence the dust generation as well. Rain will prevent particles from becoming air-
borne during open air operation, and the rain also prevents the dust from spreading over a great distance.
Depending on the material that is transported and the weather conditions dust generation can be a problem
during operation as some material loose functionality or value when they get wet.

6.2. Safety hazards
Most people know that airborne dust can irritate the respiratory ducts and the eyes, but that is only the tip of
the iceberg. In fact, airborne dust is a serious hazard for workers at a plant, inhabitants in the neighborhood,
and the vegetation and wildlife in the area as it can cause diseases, explosions and fire. Also dust can do dam-
age to the equipment and cause premature wear. In the beginning of industrialization these hazards were
unknown, but currently these are acknowledged by most governments and regulation agencies. Appropriate
legislation is set up in a lot of countries to protect employees, inhabitants and the environments from the
hazards that airborne dust can oppose.

6.2.1. People and health
The World Health Organization warns for the dangers of airborne contaminants, and in particular airborne
dust as these are associated with widespread occupational lung diseases [47] [48]. Inhaling the particles can
cause a wide variety of problems, such lunch diseases like pneumoconioses, systemic intoxication, cancer,
asthma, allergic alveolitis and irritation. Also non-respiratory diseases may occur, even at much lower expo-
sure levels. When people inhale airborne dust, they are at risk of occupational disease. Effects of a disease
can be temporarily or permanent disabilities, as well as death. Many materials transported using belt convey-
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ors, among which also many can generate dangerous dust clouds. For example silica, asbestos and coal are
commonly known to cause lung diseases and lung function impairment [49]. Coal has been mined in great
volumes for a long time already and in the beginning the safety regulations were very minimal. Currently
coal dust is known as serious hazard as it is proven to cause ’black lung’ or pneumoconiosis and obstructive
pulmonary disease when inhaled frequently. The risks have now been largely controlled by dust suppression,
ventilation and respiratory protection. Vigilance is, however, to maintain effective control [50].

Depending on the particle size that is inhaled it will be deposited at some point in the respiratory duct.
Typically particles of more than 30µm diameter are deposited at the nose and upper airways, while smaller
particles are able to reach the lungs. The concentration of the dust in the air is an important factor in the risk
the dust proposes, as well as the composition of the dust particles and the material. Therefore it is important
to examine the possible dust generation at a plant, so that appropriate measures can be taken.

In well developed countries the work conditions are valued and unsafe work environment or workers con-
ditions are seen as unethical. Besides that it can lead to dangerous situations for the employee it can also lead
to citations from authorities. Also the costs of occupational diseases can come back to the employer, leading
to high financial costs. Although inhabitants of the area have less risks of being subjected to high concentra-
tions of dusts, the company should also guarantee safety for those.

6.2.2. Explosion and fire
The material that is thrown into the air creates the danger of an explosion. Depending on the characteris-
tics of the material it can ignite with a single spark. Not all materials are flammable enough to cause such
problems, but it is a real threat in some cases. Not only chemicals propose this danger as harmless looking
material can also incinerate explosively. For example coal dust proposes this danger when it gets airborne
in the right concentrations of the right particle sizes [51]. Dust in closed areas can build up to dangerous
levels more easily, but also in open air explosive combustion of dust is a hazard that has to be dealt with.
Large buildups of dust deposits form an additional danger in the case of an explosion or a fire. Such an event
causes additional air movement that can easily stir up dust piles. This can cause more explosive ignitions and
accelerate the spreading of fires. Also for this reason it is important to keep the work area free of dust deposits.

6.2.3. Social impact of dust and spillage
These safety hazards can have a negative social impact when they are not dealt with properly. When employ-
ees get sick because of their occupation it is considered a decrease in welfare as the quality of life for those
individuals will decrease. But also for the society as a whole this would increase the costs of the health care
system. The employee will have to contribute financially as well to the heath care of its employees so it is also
beneficial for him to minimize occupational risks.

Occupational deceases and accidents is not the only way the society can be effected by dust. Also com-
munities in the neighborhood of a dust source can experience nuisances from the dust formation. This can
vary from dust that irritates the eyes and respiratory tracts, to the more serious diseases. Also the deposit of
dust in and around houses is a negative effect that can cause bad publicity, or even law suits in extreme cases.
All these can have financial consequences as well for the company.

6.2.4. Environmental impact of dust and spillage
One can imagine that not only humans can be effected by dust particles in the air. Wildlife is likely to react
more or less similar when exposed the sufficient concentrations of dusts. In addition the dust particles will
eventually settle somewhere in the area. The material on the ground from spillage or spread as dust is likely
to be end up in the ground when it rains. The water seeps into the ground, taking the material with it, con-
taminating the ground, surface waters and ground waters [52]. This can effect the vegetation and the wildlife
in the area as their living ground gets polluted. The severity of this risk partially depends on the chemicals
and material in the dust, but can have major effects on the environment as well as on the society as resources
like drinking water can become polluted. Depending on the material that gets airborne these effects should
be considered as well.
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6.2.5. Monitoring dust levels
As different types of material in the air propose different dangers to the workers, the residents and the sur-
rounding environment it is important to know what has to be dealt with. The sort of material, the particle
size composition and the concentration determine the possible effects, and the possible measures that can
be taken to counter those effects. Measuring what type of dust composition is dealing with can therefore be
of great importance. In areas where dangerous chemicals are processed the workers are often equipped with
personal tags that measure the air quality around the breathing area. The tags can possibly warn the worker
is levels increase dangerously so they can evacuate. It also provides an overview of at which steps in the pro-
cess dust is generated. Knowing this gives the possibility to attach the problem at the source, for instance by
changing the equipment used, or introducing extra safety precautions.

6.3. Equipment wear
Besides the effects dust can have on humans, it can also effect the functioning of equipment. As the tiny par-
ticles are able to penetrate through tine openings they can enter the equipment used in a plant. Equipment
with rotation or moving parts is vulnerable for dust particles as they can cause wear when they get stuck be-
tween moving components. One can think of an electric motor. The components inside are made with high
precision which can be damaged easily. This may reduce the efficiency of the machine or the life time of
the components, leading to higher maintenance costs and costs for new components or machines. Also dust
that settles creates unwanted piles of material on the equipment and the work area. This has to be cleaned as
well to keep the equipment in good condition. Cleaning includes the risk of settled dust particles to become
airborne again, with all its dangers for the employee and others. And in addition cleaning also introduces
addition labor costs, decreasing the profitability of the operation.

6.4. Dust and spillage control
It is clear that dust proposes a threat to the health of workers and the environment, which can result in high
cost for health care and negative public attention. In addition dust and spillage can increase operational costs
as it increases wear of equipment and requires more cleaning and maintenance. Preventing dust generation
and spillage should be main priority as this is the best way to eliminate all hazards and costs. If this is not
possible, dust control should have highest priority of the management and the workers. Conveyor transfer
points have been identified as areas that may produce high amounts of dust. Also these areas are prone to
spillage of material as it changes transport mode. Although spillage itself proposes other dangers it also gen-
erates dusts and requires unwanted cleanup of systems. There is an overlap between how spillage and dust
generation must be handled, which will be included in this section. There are several ways to control this,
typically categorized as containing, suppression or collection methods.

It is important to already include dust control and spillage prevention in the focus during the conveyor
design phase. In this way it can be kept to a minimum, and the control techniques can be applied most
efficient and at lowest costs. Next it is important to take measures in the following order. To exclude most
hazards efficiently one should start with proper containment, so that the dust is kept in a specific area and
all workers outside of that area are not at risk. As the dust is contained it makes it possible to focus on how
to suppress and collect the dust so that is will not interfere with the machinery and can be fed back into the
process line, or eliminated in an other way. [53] [43]

6.4.1. Containing dust
The principle of containing dust particles is important to keep control over where dust occurs and where
protective measures might be required. Containing is the mechanical control and confinement of material
on the conveyor or load zone. There are multiple methods developed to achieve the confinement of dust
particles and prevent other types of spillage. The difficulty is that it is preferred to restrict the confinement
of dust to a mall area to keep installation costs low, and create a large safe area for workers. However, as the
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Figure 6.2: Fully enclosed conveyor in urban area. [54]

material moves in and out a load zone or a conveyor, a supply of material is required. This can only be done
by creating an opening in the borders of the confinement, giving an opening where the airborne dust parti-
cles can escape. Also it might be required to reach into the confinement for maintenance. This makes it more
difficult to confine the dust to a confined area.

Confining the dust generated at transfer points can be done in different ways. First of all, a transfer point
can be enclosed entirely using some sort of building or structure around it. The material comes into the area
on a conveyor, and leaves on an other one. This leaves two openings in the confinement of the transfer point.
These openings can be closed of for dust using a spray or a curtain. This may not be enough to contain the
dust when large quantities of dust are generated. In that case ventilation and a dust collector can be used to
suck in air via the openings, preventing dust from escaping. This also requires proper dealing of other open-
ing in the barriers [43]. However, this is not always an option. This solution requires regular cleaning of the
transport point area, as lost of the dust will settle in the large space that is used to enclose the area. This puts
the cleaning workers in the enclosure in danger and results in additional operational costs. The concentra-
tion of dust in the closed of area can become dangerous for explosive combustion as well. And in addition,
the equipment in the enclosure is exposed to all the dust, which can cause wear to this equipment. Therefore
it is preferred to keep the dust contained to a much smaller area. The following paragraphs will discuss all
aspects that have to be addressed to succeed in containing the dust and spillage to a minimum, and focusing
on keeping it on the belt.

In residential areas it is often required to keep dust to an absolute minimum. Therefore it is common to
enclose the entire conveyor all along the route, to keep the dust from escaping the conveyor. For example at
a building site in the city center of Stuttgart, Germany, this is done on the conveyors carrying the tunneling
material off. These conveyors cross part of the streets and walkways overhead as is visible in figure 6.2. In this
case spillage should be prevented at all times as this can create dangerous situations.

Carryback
Material particle can adhere to the surface of the conveyor belt. This result in so called carryback as the
material is transported past the discharging point at the head pulley. The carryback mostly consists of fine
particles that come loose later on and form spillage. It also adds weight to the conveyor on the return path
which is unfavorable for operation. Also, the finest particles can become airborne. To minimize spillage, dust
generation and smooth operation the carryback must be removed from the belt in the head pulley area.

The carryback can often be scrapped of brushed off the belt. A cleaner is positioned against the belt to
take the adhering material off. As this device makes contact with the belt it is important to make sure that the
cleaner does minimal damage to the belt. The cleaner can increase belt wear, with the risk of the belt failing
prematurely. This can be very dangerous and will cause a long standstill of the operation. The downtime of
the machine is costly as well as replacing a broken or damaged belt.
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Figure 6.3: Setup belt cleaner system [53]

In modern belt cleaner systems often multiple belt cleaners are used in one set. A pre-cleaner is used first
in line to remove the most of the material, which contains the bigger particles. Next the belt will run past one
or more secondary cleaners to clean the smaller residue before the belt returns. This is illustrated in figure 6.3.
Depending on the material and how easily it can be removed from the belt surface a more thorough method
can be applied. For maximum cleaning wash boxes can be used. These first wet the belt and then remove the
water and fines. [53]

Skirt spillage
During loading of material on a belt conveyor often side skirts are used to create a smooth transition between
the chute and the conveyor belt. This helps make sure that the material can not end up besides the belt,
preventing spillage and dust. The skirt is a strip of material, often a bit flexible, that is placed on the sides of
the belt to keep material from falling over the edge (figure 6.4). Setting up the side skirt correctly is crucial
to make sure it functions effectively and does not cause additional wear and damage to the belt. Three focus
points to ensure proper skirt design are listed below [53]:

• Proper belt support to minimize belt sag

• Wear liners inside the chute to protect the sealing system

• Multiple-layer edge seals to contain any escaping fines

Belt support
The belt and the skirt should make contact to ensure a good seal, preventing material to escape. This requires
a proper belt support and belt tension the prevent belt sag. Belt sag creates open spaces under the skirt that
can entrap material, as is illustrated in figure 6.5. This material is likely to spill out, or get stuck between belt
and skirt. If it gets stuck between the moving belt and the stationary skirt it can start to grind causing wear
to the belt. A belt moving over idlers can easily sag. This can be minimized using more idlers spaced closer
together, together with the proper belt tension.

A much seen design of belt support at the loading side of the conveyor is the cradle. The cradle is a section
of belt support designed to absorb impacts during loading and helps eliminate the possibility of belt sag at
the loading section. Such an impact absorbing cradle is shown in figure 6.6. Instead of idlers perpendicular to
the direction of the belt, this type of cradle is equipped with bars placed along the direction of the belt. This
makes sure that the belt can not sag where the skirt is located, and the bars create a larger area at which the
belt is supported. This also spread impact of the material loading better. The bar is covered with a layer of
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Figure 6.4: Side skirt setup at a conveyor [55]

Figure 6.5: Side view of skirt and conveyor assembly [53]

low friction material so the belt can slides over it. However, this still creates more friction compared to idlers.
This may cause more wear to the belt, and will increase the power consumption for the system.

Also combinations of the bar cradle are used where the the middle of the belt is still supported by idlers,
while the sides are supported by bars. An example can be seen in figure 6.7. This type does increase the fric-
tion in the systems less, but increases the support for the belt at the sides where the skirt makes contact. The
extra support is only given where this is required, however, the impact of the loading of the material is not
absorbed and spread over as much area as with the previous cradle design. Therefore the belt can still sag
a bit. The full bar cradle is probably more interesting with heavier materials,while this combination cradle
offers advantages for lighter material.

Figure 6.6: Impact absorbing belt support cradle [53]
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Figure 6.7: Side seal belt support cradle [53]

Figure 6.8: Cross section of skirt and skirt seal configuration [53]

Skirt board seal

The skirt is used to make a connection between the belt and keep material on he belt during loading. This
skirt is the first line of defense against spillage and dust, but the impacts on the skirt can be large as bug
chunks and large amounts of material make contact. The requires a rigid connection, but this is difficult to
do without risking damage and wear to the belt. Because of this the skirt often is capable of stopping the
majority of the material from falling of the belt, but smaller particles and dust tend to get through this first
line of defense. Therefore the skirt board seal is introduced as a second line of defense. The skirt board seal
is a more flexible layer of rubber like material attached to the back of the skirt as illustrated in figure 6.8. This
layer is meant to trap fine particles and dust that have gone past the skirt. This secondary line of defense is
made of a less wear resistant and more flexible material than the skirt itself, making it vulnerable for bigger
impacts of material. Because of the setup as secondary line of defense this is unlikely to happen, and the
advantage of its extra flexibility is that it is better capable to follow irregularities of the belt, creating a better
seal. In figure 6.8 it is also visible that by creating ridges on the surface of the skirt seal multiple barriers for
the material are created increasing the efficiency of the seal. [53]

Entry and exit area sealing
Using the skirts, proper support and the skirt board seal keep material and dust escaping over the sides. How-
ever, this does not close of the opening where the belt enters the loading area, the entry area. Through this
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opening the material is able to roll back, and end up beside the belt. Also dust can easily escape this way
as it is not in contact with the moving belt. This can partially be solved with a good chute design. Also to
minimize wear to the belt it is best to make sure that material has the same speed as the belt during loading.
The decreases the the risk of material rolling back tremendously. If roll back is a problem the area where the
belt enters must be sealed of.

The area can be sealed of using a sealing strip. However, if the strip is placed to tight against the belt,
it starts acting as a scraper and residue on the belt will build up behind it, eventually spilling the material.
It the strip is not making enough contact with the belt it does not provide a good seal. To create a one way
seal a flexible strip must be used and deflected in the direction of the belt movement. In this way the strip
is easily pushed up when there is some material attached to the belt, but roll back will push down the strip
more creating a tight seal. This should be installed far enough from the actual lading zone to eliminate the
problem of sealing the high-pressure corners of the impact zone [53]. The side skirts should start where the
entry seal is placed to create a total enclosed environment for the loading.

Sealing the exit area is also required to create a total enclosed loading zone. The belt full with the loaded
material should be able to leave the loading zone without disturbing the material that has just settled on the
belt. This can be done with rubber curtains placed at the end of the skirt board. These curtains consists of
dubber drapes. The height of the material on the belt can differ and the drapes are able to be pushed aside
when the material is higher than normal. This ensures that the material is always able to leave the area, while
most of the dust is stopped at the curtain. To make sure dust in the air can settle a dead area must be created
using a set of 2 curtains, placed roughly 450 mm apart [53].

Air flow
It is difficult to create a perfect seal between a moving and a stationary component. To prevent dust escaping
from small breaches in the boundaries air flow can be used. Research has effectively weakened or guided air
entrainment by utilizing a chute, enclosure, or the design of adequate ventilation facilities in transfer stations
to reduce dust emissions during the transfer process [56]. For example by creating a negative pressure within
the confined area air is sucked in via any small opening, making it more difficult for dust to escape. A pre-
cipitator is used to remove air flow from the transfer section to create a negative pressure, making sure no
dust escapes, while the precipitator removes dust from the air [57]. Using CFD simulation the dust emissions
are evaluated even further to create an even better understanding of the air flows during loading and unload-
ing of a belt conveyor. This will lead to more effective measures to eliminate dust emissions at transfer points.

Various different configurations of partial solutions have been tested by Chen et al. [58] resulting is a dras-
tic decline of dust emissions. The so called restrictor structures can be used to limit the air that is entrained
with the material falling down a chute, and has proven to be very successful as it reduced dust emissions
by approximately 71%, and a stilling chamber reduces dust emissions by approximately 75% [58]. A stilling
chamber is box around the loading area of the belt that contains multiple vertical plates to reduce the move-
ment in the air, letting the dust settle.

6.4.2. Suppressing dust
Dust suppression is preventing fine particles from becoming airborne. Techniques to suppress dust particles
are often focused on using some sort of additional substance or chemicals to make sure the particles loose
the ability to become airborne. This is not possible for all materials as it may degenerate the properties of
that material. One can think of coal used for burning, loosing flammability if it becomes moist.

Water spray
Water is a widely available fluid that can help to suppress dust generation. It can easily be spread in small
quantities over the material keeping the dust down. This is achieved as the moist material has increased
mass and increased cohesiveness, making it more difficult for particles to become airborne. This is a relative
low tech solution that can easily fitted on the material. However, getting it right can be difficult. The amount
of water required depends on different parameters, some better predictable than other. The weather plays an
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Figure 6.9: Water spray to suppress dust while discharging material [59]

important role as on a sunny day the material can dry on the conveyor, while on a cloudy day the material
might stay moist longer. Therefore it might be required to change the amount of water sprayed depending on
the conditions. Also the material characteristics itself play a role in this.

Water sprays can easily be used in different stages of the operation. For example on a long conveyor it
might be required to spray water on the belt every set distance to make sure the material stays moist enough.
Also the material can be spayed during discharging as it shown in figure 6.9. This shows the use of water
sprays to create a tube like enclosure during discharging making sure the dust can not escape.

A difficulty in the effectiveness of water for dust suppression is the air movement. When the air velocity
is to high, a water spray can loose its effectiveness. This is because of a ’slip stream’ like effect [53]. What
happens is that the dust particle is pushed aside by the water particles because if its high velocity. This can
best be described as a motorcycle on the highway that is pushed away away from a semi-truck. One way to
overcome this problem is to add more water, but this has several negative side effects and is therefore not
favorable. An other solution is to reduce the air velocity by for example increasing the size of the enclosure,
as air velocity can now dissipate.

Using water also has some disadvantages. For example, not all material are suited to become wet. Also the
water can cause the material to rinse away across the terrain and sink into the soil, possibly causing pollution
of the ground, or waters. Furthermore excessive wetting can result in sticky residue on the belt. This is diffi-
cult to remove and when it is carried back, it likely dries on the way and falls off, increasing spillage and belt
dust [43]. A wet belt is more likely to slip, and the wet material may increase in mass causing higher stresses
on the system and an increase in power consumption. Typically the water volume added to the material lies
in the range of 0.5% to 4% [53] Although spraying water is a low tech solution, it can be difficult getting it right
as there are may possible pitfalls.
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Figure 6.10: Foam sprayed on a conveyor to suppress dust [63]

Fog
Fog suppression systems are a recent improvement on water sprays [53]. Fog is water in extremely small
droplets, creating a mist of water and dust particles are captured in this mist. The dust particles will bind to
the small water droplets in the air, increasing the weight causing the dust to settle. The droplets should be
the same size as the dust particles to work effectively. As the water droplets are much smaller and the mist
stays in the air longer the water use can be reduced enormously compared to conventional spray systems. As
fog is only effective against airborne dust, nozzles must be placed at every location where dust can become
airborne. This makes it less attractive to use along the length of a conveyor as this requires a large installation
all along the way. In such a case, a water spray to wet the material could be more effective as one spray station
can guarantee dust suppression for a long distance after the station.

Foam
Water can also be used to create a foam to keep the dust down. Foam has a similar advantage as fog, since it
requires much less water. For dust control, foam works better than water. It provides dust reductions of 20%
to 60% compared to water. Foam also can produce similar results at lower water use. The amount of water
needed to make the foam is less than the equivalent water spray. High-expansion foam, when compared to
water sprays at a belt transfer point, averaged an additional 30% dust reduction [60]. For these reasons it is
often used around heavy equipment [61]. As it requires less water the ground will not get muddy, witch is
favorable for operating conditions, and puts less pressure on water as a recourse. Foam is created using a
foaming additive in the water. This creates a layer of foam that does not directly soak the material, like wa-
ter, and stays on the material for a longer time. It can be applied simply using a spray over the conveyor at
a transfer point 6.10, or along the way of a conveyor. This creates and impenetrable layer for dust particles
keeping them down. The disadvantage is that some sort of additive is required which can have its effect on
the equipment or on the environment. It might also influence the characteristics of the material transported
as it will leave residue after drying. Because of this, and financial reasons it is desired to administer only small
quantities of foaming agent to the water, resulting in the development of new foam agents adding devices
[62].

Wetting agents
Besides foaming agents there are other chemical additives available on the market to increase the effective-
ness of water as dust suppressor. The additives vary in application and effect on the material and environ-
ment. In selecting such a chemical its effects on the material and environment must be carefully looked at to
be sure the effects are only positive. The idea of such wetting agents is that is makes the water even "wetter"
which means that is increase the ability to attract, bind and hold dust particles. Most of the interest has been
in coal mining because of the hydrophobic nature of coal. The effectiveness of wetting agents has been the
subject of considerable research over the years, without much of a definitive answer on how well they work.
[60]
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6.4.3. Collecting dust
When despite attempts to prevent dust generation and dust suppression dust still gets airborne it might be
necessary to collect the dust from the air. This prevents spreading of the dust and dust deposits in unwanted
areas. Also when the dust is successfully contained in a certain area collection might be desirable, to prevent
high concentrations that for example propose the danger of explosive combustion. Also when the dust is not
collected form the air the dust will settle in the confined area, which at one point requires manual cleaning
introducing additional costs.

To collect dust the air that carries the particles must be taken to some sort of filter. This air must be pulled
through the filter system. The capacity of the filter system must be adequate for the volume of moving air with
dust. If the capacity of the filter is to low, the air will find other paths to escape the area, taking the dust with
it. The air that has to be included in these calculations are the so called ’displaced air’, the ’induced air’ and
the ’generated air’. The displaced air is the air that is move by the volume of material that flows through the
area. This material takes a certain volume pushing the air away that was there first. Induced air is the air that
is surrounding the materials particles during flight. On landing the material particles will com closer together
again, forcing the entrapped air away. Generated air is the air that is set in motion by moving components in
the machine. When all these are known the capacity of the dust collection system can be determined. [53]

There are three basic methods to collect dust from the air; ’central’, ’unit’ and ’integrated’. When central
dust collection is used, all dust sources are connected together via means of air ducts. At a central location
a large filter station is installed to filter all the air. The unit method uses a filter installation for individual or
small conveniently grouped dust sources. The integration method is an extension of the unit method, as the
filters are integrated whithin the dust generation point itself. Depending on the scale of the system, and the
quantity of air to filter different solutions are viable. [53]

6.5. Conclusive
Dust can have mayor consequences and proposes a real danger to the people that work in a dusty environ-
ment. Health issues like respiratory diseases are proven to be related to the inhalation of dust. The exact type
of material and particle size seem to be of influence on the risk, as well as the quantity of material inhaled.
Besides the health risks, dust also proposes the immediate danger of explosive combustion. Again risk de-
pends on the material type and concentration in the air.

Besides the risks to the people working in a dusty environment, there is also the negative effects on dust
on the functioning of the equipment. Dust, as well a spillage of material during the operational processes
can do damage to components of the system and speed up the wear of the system. When spillage occurs this
has to be cleaned often in a manual way and also dust that settles has to be removed. This is not only labor
intensive, but also proposes additional dangers to the employee as cleaning itself is a dusty operation, and
often puts the employee in a dangerous position close the the moving heavy equipment.

Dust in the air can be carried over great distances causing nuisances to nearby neighborhood inhabitants.
It can have physical consequences of irritation to the respiratory tracts and the eyes, as well as the danger of
diseases depending on the material type. Also the dust can settle in the houses and surroundings.

Also dust and spillage can have a negative impact on the environment as toxic materials can end up in na-
ture. This can pollute ground waters, open waters and soils creating problems for the vegetation and wildlife
in the area. Also sources of drinking water for humans can become useless because of contamination.

All these negative effects can have financial consequences for the system operator. Cost on cleaning or
addition maintenance are directly visible, but the health care costs that can occur on an longer time scale can
also be enormous. Negative publicity liked the this can do damage to the brand and even cause shut down of
operation in extreme cases. These are all additional reasons to keep dust and spillage under control.

There are various techniques available on the market to prevent dust form taking off and prevent spillage
of material. Key is to asses possible dust generation and spillage already in the design phase of the belt con-
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veyor system to deal with possible sources adequately. This ensures the most effective methods can be in-
stalled keeping the costs of prevention and control as low as possible. When additional systems have to be
installed later, or current systems must be replaced higher costs will be the result.





7
The impact of noise generation

Belt conveyor systems for the transport of bulk solid materials can be a source of noise. Noise is defined as
undesirable sound and is also a by-product of operation of the system as all the moving components tend to
generate sounds of different levels. Although noise from a belt conveyor is not very dangerous it can still do
harm to ones hearing, and continuous loud noise in the neighborhood is considered annoying. In the report
on our common future by the world commission on environment and development noise is also noise pol-
lution of the world is acknowledged as a growing concern during development of the world [7]. This chapter
will focus on noise generated by belt conveyor systems, and how this effects its surroundings. Also possible
measures that can be taken to reduce the noise generation and spreading will be included in this chapter.

7.1. Sources of noise
Sounds are vibrations in the air and an ear can pick up these vibrations so that a human can hear the sound.
These vibrations in the air can easily be initiated by moving components of, for example a belt conveyor
system. Different components can all contribute, and the end result can be a constant rumbling of such
magnitude that is can damage a humans hearing. Noise is almost ubiquitous in mining. It is generated by
drilling, blasting, cutting,materials handling, ventilation, crushing, conveying and ore processing.Controlling
noise has proven difficult in mining and noise-induced hearing loss remains common [50]. As conveying is
one of the sources of noise in a mining environment this is interesting to investigate. Also conveying in for
example a bulk terminal can be a problem. The following sections indicate components of a belt conveyor
that are known to contribute to the entire noise generation of the system.

Noise generation of a belt conveyor has different sources. A case studies shows several sources of noise
during mining and indicates different aspects of conveyor use as source for noise, and indicates that a con-
veyor can produce 83-84 dBA. The transfer point where material is loaded and/or unloaded on a conveyor can
even impose higher sound levels of about 91-92 dBA. [64]. Noise levels of above 75 dBA can cause damage to
one hearing [65]. Especially subjection to such noises for longer periods of time propose a risk to occupants.

Depending on the location some noise regulations are imposed for industrial operation, and exceeding
these can result in heavy fines. Commonly the regulations set a maximum of 70-80 dB for in industrial areas
[66]. In other situations the limits may even be lower, for example the restriction to noise levels in residential
areas being 65dB [67]. To avoid the risk of heavy fines, and to decrease the risks of hearing damage for occu-
pants it is important to prevent noise generations as much as possible.

7.1.1. Idlers
The idlers support the belt all along the way, and many of them are used in a conveyor. The interaction be-
tween belt and idler is the most dominant noise source in belt conveyor systems. The idler roll surface profile
is shown to be a major input to excitation of vibration and noise radiation for most conveyors, according to
Brown [68]. Brown has tested several idler types and constructed the idler roll surface profile parameter and
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found a strong correlation with the conveyor noise generation. An important factor that influences the noise
generation is the outer material of the idler rollers [69].

7.1.2. Transfer point
At a transfer point the material is thrown around and redirected in such way that is ends up on the desired
place. This can include a chute to catch the material, resulting in an impact of the material on the walls of the
chute. This can obviously generate a lot of vibrations in the air resulting in noise as a by-product of operation.
The noise generated depends on the materials that is transported, as harder and heavier material will gen-
erate more noise. It also depends on the design and the material of the chute. Some material do muffle the
sounds on impact, while other materials create an extra echo. The design itself is of influence, as the chute
can be aligned better in the trajectory of the material, minimizing the impact of the material. This also keep
the noise generation down.

7.1.3. Parameters for noise generation
Previous paragraphs already indicate several sources for noise. But also the operating conditions include sev-
eral parameters that influence the noise. A parameter of influence is the belt speed. Noise levels generally
increase with increasing belt speed [67].

7.2. Social and environmental impact of noise
Noise is always a concern, especially when it is realized near a residential area. Noise pollution gets more crit-
ical as a belt conveyor is located closer to residential areas. [70]. The noise are an inconvenience for people
living nearby. Especially at night noise can cause nuisances to inhabitants of the area. In some cases this has
resulted in different restriction levels for day, evening and night.

The problems noise can cause can be harmful to society. First of all, longer subjection to loud noise can
cause temporarily of permanent hearing impairment. Load noises form a occupational hazard, as workers
can easily be subjected to loud noises as they might work close to the machines. This is to be prevented by
the employer, who can supply workers with protective gear against the noise. This measure does not sole the
risk for all that can be effected.

The noise can also spread over an greater area and cause nuisances to surrounding residential area’s. This
can be a problem when the magnitude of the sound does not decrease enough before reaching communities.
Depending on the distances and the terrain the noises can be carried across long distances. The problems
noise can cause for a community mainly come from personal discomfort. In extreme cases also hearing
impairment can occur, but often this risk is only small. However, the noise can cause stress concentration
problems for individuals. Also insomnia can be caused when a residential area is subjected to certain noise
levels. This can also lead to physical effects like raised blood pressure and risks linked to that. [71]. Also
ecosystems are effected by noise, as animals can be scared away as a result of the noises.

7.3. Preventing and muffling noise
Noise can be difficult to prevent, as it is often a by-product of certain components. With the design of com-
ponents, focused on decreasing noise emissions the noises can be decreased. For example the design of idler
rollers that produce less noise receives attention from multiple researchers and companies [72] [73] [69].
These all focus of reducing the vibrations in moving components, or in the interaction between components.
In this research the struggle often is to find and apply materials that do reduce the noise, but still are durable
for longer operation. If the use silent components results in an increase of maintenance, it can result in un-
profitable operation.

Besides the development of silent components for the construction of belt conveyor systems also muf-
fling noises to prevent it from reaching nearby communities is a technique seen often. when a belt conveyor
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runs through a populated area this is often done by enclosing the entire conveyor. The advantage is that this
can also exclude the possibilities of dust spreading through the area.

An other technique is to use so called baffle banks. This is a bank of earth that blocks the noises from
reaching the other side. Often a baffle bank is also covered in natural vegetation. The natural vegetation, like
trees and bushes, is made from organic material and helps to absorb and block sounds. [52]

7.4. Conclusive
Noise emissions are often inevitable during operation of belt conveyor systems. Depending on the material
transported and the size of the conveyor the noise levels can differ. Also the design of the components used
for construction, and the belt speed of the conveyor have an influence on the noise levels emitted.

The effects of noise can be harmful especially to workers exposed to higher sound levels for longer period
of time. The result can be hearing impairments. As the noise levels decrease further away from the source
the health risks for nearby communities are less. however, insomnia and concentration problems can cause
stress and result in physical complaints like high blood pressure. Also wild life can be driven our of the area
when noises are to high.

The government often restricts the amount of decibels that can be produced by industry, and thus by the
conveyor. The maximum levels differ all over the world, and often the location is included as well. If there
are no residential areas nearby the limits ca be higher. Exceeding the limits can result in high fines for the
operating company.

Research is done in attempts to decrease the noise emission of certain components. Especially the idler
rollers are topic of research as these contribute a lot to the noise emissions. If prevention is not possible, the
spreading of the sound should be prevented. This is often done by enclosing the entire conveyor. In more
remote locations also a baffle bank and vegetation can be enough.





8
Conclusion and Recommendations

8.1. Conclusion
Sustainability is a growing concern for the world and its inhabitants. This is acknowledged by the world lead-
ers and in most other layers of western societies. However, action taken on the issues at hand is only slowly
taking shape. There are lots of initiatives and plans to increase the sustainability of mankind and its man
made systems. However up until this point these have booked only limited results when it comes to turning
around the damaging phenomena that threaten our planet, like global warming and decreasing biodiversity.

The step to translate the policies into practical results has to be taken by the corporate powers and the
industrial players themselves. To achieve the global plans, all small systems and subsystems have to assess
their own sustainability and increase this where required. Therefore the sustainability of belt conveyor sys-
tems is of importance. In this conclusion the research questions will be answered, giving an overview of the
sustainability of belt conveyor systems.

8.1.1. The definition of sustainability
Sustainability is a broad concept and can be applied in many different contexts. The main aspect of sustain-
ability is the ability to continue over a period of time, or to be maintained at a certain rate or level. Defining
the context is important when attempting to assess the sustainability of an object or system. This also applies
to belt conveyor systems.

The public has become more aware of sustainability issues for the world. This has lead to an increase in
value for sustainable products and processes, and also the economy has started to act on this. When sus-
tainability is mentioned in advertisements or in corporate policies it often refers to both environmental and
social aspects of the product or the production process. However, still only a limited amount of people are
willing to pay more for sustainable products. Therefore sustainability has to be stimulated more by policies
ad regulations.

Economy, society and environment are identified as the three main pillars of the modern world. These
three overlap and multiple relations between then can be found. The interests form these three areas often
conflict. Sustainable development provides a framework bringing the different parties together and opening
the discussion on how to satisfy all.

Sustainable development is also applicable to belt conveyor systems as further development of the sys-
tems desired for the development of industry and economy. However, this can not be at achieved at any costs
as this can do harm to society and environment.

Legislation provides additional stimulation for the industry to become of sustainable. This is required
since the industry serves the economy and this is mainly driven by the financial aspects of an operations.
Legislation can provide addition criteria to comply with.
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Assessment of the sustainability of a product or system is difficult as many different aspects can be of
influence, while many of those aspects are not yet quantified properly. In addition there are limited target
values available for industry. This is because currently only the obvious causes are being addressed. To assess
the entire impact of a system an in depth analysis is required. Life cycle assessment provides a framework to
do so, evaluating all life stages of the subject.

The context of belt conveyor systems can be seen as the economy since this is where the most belt con-
veyors operate. However, as we learn from chapter 2 the interests of the economy interacts with, and might
conflict with the interests of the society and the environment. Therefore the context in which the sustainabil-
ity of belt conveyor systems will be assessed is defined as the society and the environment.

8.1.2. Operational side effects and by-products
To determine the context of belt conveyor systems in which its sustainability can be assessed, all life stages
where briefly considered. The operational stage was chosen to focus on during this report as during this
phase many side effects and by-products occur that can impact the environment and society.

Three effects of operation where selected as these were expected to have big impacts on the environment
and the society. These are the high energy consumption due to the heavy labor the system has to perform.
The dust generation and spillage that can occur because of the rough material handling and material charac-
teristics. And the noise generated by the handling equipment and material interaction.

8.1.3. Impact of belt conveyor system operation
In this subsection the last two research questions will be answered for each side-effect or by product men-
tioned above. Both the possible impact as well as preventative measures are described. These preventative
measures can include both currently available techniques as well as new developments in that field.

Energy consumption
Energy consumption of belt conveyor systems has a negative effect as it contributes to global warming. This
can translate into negative effects on society as well. The high energy consumption is effected by the terrain
and the equipment. The terrain can often not be addressed to minimize the energy consumption. The equip-
ment can be improved on this issue and this is one of the focuses during development of new belt conveyor
systems. The goal of recent and ongoing research is to improve the components to minimize the drive force
required. This mainly results in minimizing friction of moving components. Also the control of the convey-
ors is being researched as theoretically energy savings can be achieved by ensuring optimal loading of the
conveyors. Energy consumption can not be eliminated but minimizing it is important to decrease the con-
tribution of belt conveyor systems to the environmental issues. This also gives a financial advantage to the
operator and ensures the market position of belt conveyor systems.

Dust and spillage
Dust and spillage are by-products of belt conveyor operation that cause problems. The type of material is a
variable that effects dust generation, and the transfers stations are major sources for spillage and dust gener-
ation. The hazards of dust include health issues and the danger of explosive combustion. Also the equipment
can wear out faster under the influence of dust and spillage. legislation is often used to restrict the levels of
dust in the air. Several techniques to counter these effects are available. Some focus on the prevention of
particles becoming airborne, while other techniques focus on the containment and collection of dust. What
technique is suitable for a specific operation depends mainly on material type, and scale of the problem.
Overall dust and spillage is well manageable with proper design and setup of the conveyor.

Noise generation
The noise generated by belt conveyors can damage the hearing of workers and cause discomfort to people
living in the area. Therefore the noise generation is limited by legislation in most locations. The noise is gen-
erated by the different moving components of the belt conveyor. There are many sources of noise on a single
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generator, which makes control difficult. The focus of research lies on the creation of more silent compo-
nents. The problem is that wear of components does significantly increase noise generation. Therefore also
regular maintenance is a good tactic to minimize the problem. Enclosing the conveyor or creating a muffling
barrier to stop the noise from spreading is used to stop noise from spreading to nearby communities. Workers
often have to use protective gear when working near noise sources.

8.2. Recommendations
This survey has identified the need for further development of energy efficient belt conveyor systems. The
public, as well as governments desire a more sustainable society. Belt conveyor systems are large energy con-
sumers so there is a lot of potential for more efficient systems. In this section some recommendations that
can improve belt conveyor systems even further will be mentioned.

This survey gives a general understanding of the sustainability of belt conveyor systems. However, only
limited data on sustainability of belt conveyor systems is quantified. Creating a standard for this can provide
a better insight in what areas, components or life stages have the most potential to improve in terms of sus-
tainability. To quantify this, more research is required. Such research should include the entire life of a belt
conveyor system, and life cycle assessment can provide the framework to achieve this. Therefore a proper
LCA of belt conveyor systems would be recommended.

Through conveyors are applied on large scale, however there are many more types of conveyors available
that probably have different characteristics concerning dust, energy and noise. It would be interesting to see
the differences from a sustainability point of view, combined with the operational and financial advantages.
It could well be that other types of conveyor are more efficient in specific situations. Therefore comparison
of the different types of belt conveyor systems, focusing on their sustainability is recommended. This would
make it easier for operators to select the most sustainable conveyor for their operation.

In the process of assessing the impact of belt conveyor systems the effects of different components have
to be known. A database with the characteristics and possible impacts of separate component of suppliers
would help the make assessment quicker. If the assessment of a belt conveyor can be done quickly operators
are more likely to performs such assessment and take is into consideration when designing a net belt con-
veyor. This can have a large effect on the industry when it becomes standard during the design phase. By
providing insight in also the sustainable performance of components, this can be taken into account during
the selection of different components. This also stimulates manufacturers of components to develop more
sustainable products. Eventually this will lead to more sustainable belt conveyor to be build, decreasing the
overall impact of belt conveyor systems on the environment and the society.
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