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ABSTRACT  

The continuous increase in domestic and commercial waste generation has an 

adverse impact on the environment and on human health. Possible ways to 

address this issue is to use waste for energy generation using the incineration 

process. 

 

This study shows how an incinerator is designed, modelled, developed, built and 

tested for estimating the maximum available energy from a range of waste 

streams. It also highlights the need to balance the disposal of waste in a manner 

which is sustainable.  There is also a need to be as compliant as possible with 

meeting emission requirements, whilst maintaining a sufficient throughput of 

waste that can be incinerated efficiently. A modified energy-based method for 

calculating the improvement potential in a waste-to-energy plant has been 

developed. 

 

Thermal destruction of the real waste products was compared with corresponding 

theoretical process. The range of waste investigated included, refuse derived fuel, 

minimised solid waste, animal waste and biomass.  

 

A custom designed solid-waste prototype incinerator was used to investigate 

improvements in the system when applied to a much larger industrial scale 

application. Modifications considered included the re-arrangement of ambient air 

inlets and changes to the internal structures of a primary chamber and a review 

of burner specification. Modelling and simulations were performed using the 

ANSYS software. 

 

The results showed that the method developed for testing and burning of waste 

model was more accurate than the previous models for estimating the maximum 

available energy in waste material. The proposed model incorporates all the 

major elemental constituents and the physical composition of the solid waste. 

Moreover, the results obtained from the higher heating value model show good 
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correlation between the values measured and are comparable with previous 

models. The thermal insulation used in the MB1 model thermal insulation thermal 

efficiency ranged from 80% in the chimney stack, 94% in the secondary chamber 

to 96% in the primary chamber compared to the ambient temperature during 

normal operations.  

 

The use of additional ambient air supplied by a variable inlet fan enabled the 

waste fuel to be combusted more efficiently and retain higher operating 

temperatures in the primary and secondary chambers which reduced the amount 

of fossil fuel required for the incinerator operation. This allowed the recording of 

data for burn rates for each type which other manufacturers are unable to provide.   

 

A large upscaled Moving Grate was also modelled to burn 700kg/hr of RDF and 

where actually it burnt 430kg/hr. This allowed the integration of Organic Rankine 

Cycle (ORC) generators to provide electricity and heat to offset the parasitic load. 

For burning of 200kg/h with a calorific value of 15MJ/kg can drive one ORC 

generator providing approximately 70kWe power. For burning 1000kg/h of 

approximately generating 351kWe of electrical power. 
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1 INTRODUCTION AND BACKGROUND 

This chapter gives an introduction, background to the project. It also states the 

aims and objectives and outlines the thesis structure.   

1.1 Introduction 

The premise of this investigation is to obtain a better fundamental understanding 

of a small-scale industrial energy from waste system.  This system must comply 

with emission standards and integrate into other systems which produce heat and 

electricity also known as combined heat and power (CHP) systems. It will also 

explore the methodology behind the design, building and testing of a small 

incinerator system. The type of waste which can be incinerated, their burn rates 

and estimation of the energy released will also be investigated. 

Generally, the term waste is used and applied to describe any resources are 

misused or discarded. There are many different types of waste which include the 

following: 

 

• Sewage, household and commercial waste. 

• Agricultural waste/biomass. 

• Waste fossil fuel derived fuels. 

• Mixed Municipal Waste such as refuse derived fuel and solid refuse fuel 
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• Hazardous waste such as asbestos, chemicals, batteries, solvents, 

pesticides, oils, equipment containing ozone depleting substances and 

hazardous waste containers. 

• Clinical Waste and animal. 

  

The increase in world population its consumer demands and the disposal of 

waste is a major issue. It is often deposited in landfill sites, open sites or dumped 

in the sea or disposed of through uncontrolled combustion. The challenge is to 

ensure that the methods adopted do not compound the existing constraints and 

exacerbates matters. Waste needs to be disposed in an environmentally friendly 

manner which is sustainable for today and future generations  [1]. 

 

In a global study (2016) of 172 countries with a population of 3.37billion there is 

a generation of 1.47 billion tonnes a year, this equates to 436kg per person per 

year [2]. This problem is projected to increase and by 2050 the to 3 billion tonnes 

– more than double in 24 years based on current projections [3]. 

 

Concurrent with the need to reduce waste impact on the wider environment, there 

is a need to generate energy, reduce carbon emissions and empower self-

sustainability at the same time ensuring commercial viability. It is highly desirable 

if waste could be utilised in an efficient manner to generate energy.  

 

The challenge will then be to control the air pollution when devolved waste 

processioning is being proposed. Air, water and land are reaching points at which 

the ecosystem is adversely impacted.  

 

For example, in the sea, there are floating islands of superfluous waste consisting 

of plastics, foil paper and other discarded materials. These are finding their way 

into digestive systems of many marine mammals, fish, and crustaceans. This 

waste pollution ends up on the dinner tables of many humans too.   

 

This issue is not restricted to marine pollution, it also extends widely to land. Many 

countries around the world still use land fill to dispose waste. The land fill process 
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is very cheap in the short term buy very costly in the long term.  It relies on land 

being available for dumping waste indiscriminately. Countries such as USA, UK 

and Germany have very strict guidance and laws which govern how land is 

identified, processed for waste storage and maintained after the waste is 

deposited. Other countries such as India, Pakistan and China are less stringent 

on enforcing environmental laws.  

 

The developed world often offsets its own waste disposal onto other countries 

and exploits their economic vulnerability. Ironically, the developed world 

produces more waste per capita then the developing world.  This is due to the 

land being at a premium and need to grow food and graze cattle is reduced due 

to the amount of waste accumulated.   

 

Another issue is the degradation of the of the waste over time and the harmful 

leaching which finds itself into the underground water supply and aquafers. The 

longer-term impact of this is difficult to assess. Some evidence indicates that 

untreated and contaminated water is being drawn up through wells and water 

pumps, back into the human population.   

 

The other complication for landfill is the production of methane as landfill waste 

is decomposed with little or no oxygen. The methane is released into the 

atmosphere contributing to the greenhouse effect. This also poses challenges for 

safety as pockets of released methane can explode if a flame, spark, or other 

ignition source is in the vicinity. 

 

The mass production of materials generates a great deal of air pollution. This is 

a combination associated with generating energy, transport, and manufacture 

from raw materials into finished goods.  

 

As the number of waste management processes employed with each one 

providing certain advantages and associated disadvantages. For example, 

landfill is a process which is often seen as a quick solution to waste problems for 

many countries. The advantage of this is that often it is low cost (particularly were 
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land is plentiful and cheap). Waste is buried in the ground at a low cost and the 

disposal method can be applied to a range of waste types.  

 

Often biodegradable materials will naturally rot down and be absorbed by the soil. 

In addition to this the land can be brought back into use and the contamination 

be managed and controlled – which will allow for future use of the land.  Although 

not the original consideration when landfill was proposed as a method to eliminate 

waste from urban developments and populations, it has now been seen as a 

potential energy source of the futures and the gases emitted through the 

decomposition of waste can be harnessed and use to generate heat and 

electricity.  However, the disadvantages are that the long-term environmental 

impact cannot be determined with any degree of certainty with the water table 

being contaminated die to leachates and the land being tied up for many decades 

before it can be used.  This poses challenges for countries and economies where 

land is at a premium for development for agricultural uses. 

 

The other method often used is the disposal at sea. Again, this option offers 

advantages in that it is convenient and still relatively low cost, with the majority of 

biodegradable waste offering food and nutrition to marine life as it breaks down 

in the aquatic environment.   

 

There is also the opportunity for some waste to provide the suitability to existing 

and developing new coral reefs dependent upon the type of waste being disposed 

of at sea[4]. However, the long-term impact of nano plastics and in ingestion of 

other waste materials by marine life is not fully understood and long-term impacts 

are still being assessed. 

 

With incineration, the costs associated with incineration of waste are very low 

compared to the other disposal processes and the and has the added values of 

generating heat and electrical generation. It also has the advantage of reducing 

volumes of the waste and recovery of materials which can be used for other 

industries i.e., ash to be used in the construction industry[5].   
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Developments in technology allow elements of the waste disposal to be 

addressed in a manner which allows the embedded energy associated with waste 

to be harnessed. The need for electrical energy in an environmentally sustainable 

manner is the focus of many governments and communities.  

 

It is essential to get rid of waste to ensure that society can function, and all the 

waste generated does not impede the physical, emotional and health of the 

population.  

 

The waste generated, if not disposed of in an appropriate manner, will always 

come back to haunt its populations as demonstrated by the ‘The Great Stink’ of 

1858 in London. This led to the creation of the London Sewage System.  

Commercialisation and the need to develop products and consumption of 

materials is the measure of economic growth for many countries. Population 

growth and the associated demand for products, materials and services grow with 

the generation of waste in all its forms also grows alongside.   

 

Several methods are used to dispose of waste which include landfill, disposal sea 

and incineration are methods currently used.  An Incinerator is a device used to 

control the combustion process in a confined and controlled volume. It can control 

the flow of waste fuel, combustible air, temperature, and the exhaust gases. It is 

used to burn waste substances thus reducing volume and mass whilst generating 

heat energy.  
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Figure 1 - Simple garden waste incinerator 

 

As shown in Figure 1 incinerator has three key components. Air containing 

oxygen is supplied through the holes at the bottom for the combustion process. 

The primary chamber holds the waste material. The chimney stack enables the 

exhaust gases released by the combustion process and most of the heat energy 

released into the atmosphere.    

 

In this study the principles of incineration for a small-scale energy from waste 

plant to combust waste at a local level thus reducing the need for landfill and 

general disposal of waste. A major challenge is to ensure that the emissions 

generated are managed and controlled while minimising the release of harmful 

gases. As technology improves and better systems for detection, control and 

supporting software are developed the pollution control can also be integrated. 

This can also have the capacity to ensure that the other systems such as battery 

storage systems can be integrated to have a fully autonomous system. 

 

Incineration has the potential to free land for other applications and more 

importantly allow for reduction of GHG and other gases into the atmosphere.  It 

also reduces the long-term hidden impact of leachates escaping into the water 

and into rivers and streams further harming the environment.  In the developing 

world the impact is more profound as land is at a premium for agricultural uses 
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and reduction for large scale landfill and open waste dumping grounds will make 

better use of resources available for agricultural and urban development needs. 

There is also a competing need for electricity and water sanitisation in poor 

communities and the energy embedded in the waste could be converted to meet 

those social needs.    

 

Researchers, Governments and global institutions are working to make the 

environment safe for future generations and meet the sustainability agenda. The 

legal framework which governs the incineration of waste is regulated by the WHO 

(World Health Organisation). The standards are divided into subsections 

dependent upon the amount waste and type of waste. These are adopted by 

regional frameworks including Europe, North America. 

.    

In the context of this research, the focus for the control of waste generation 

through the incineration process. combustion is the chemical reaction.  The 

incineration processes apply to the combustion process. As previously mentioned, 

the need to manage commercial and domestic waste is a major global challenge.   

 

Many researchers, governments and global institutions are working intensely to 

overcome this challenge to make the environment safe for future generations and 

meet the wider sustainability agenda. Due to the increase in world population and 

its consumer demands, the disposal of waste is a major issue.  

 

The impact of waste disposal for all nations is very high on the environmental 

agenda and the need to offset the reduction of waste in an ethical and 

environmentally sustainable manner needs to employ a methodology which 

enables an ethical solution to be offered – and this is what this research aims to 

do.  

 

However, the challenge is to ensure that the methods adopted do not compound 

the existing constraints and make matters worse than they already are. Waste 

needs to be disposed in an environmentally friendly manner.  Whilst there is 

recognised need for the world to reduce waste impact on the wider environment, 
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there is also a need to generate energy, reduce carbon emissions and empower 

self-sustainability, whilst at the same time ensuring commercial viability. It would 

be highly attractive if waste could be utilised in a more efficient manner to 

generate energy, which can then be used at a very local or district level for 

immediate use.   

 

The advantages for such a system will have the potential to reduce land fill, 

reduce disposal of waste in the sea, reduce carbon milage for the transportation 

and processing of waste in centralised areas.  The challenge will then be to 

control the air pollution when developed waste processing is being propose as a 

solution to landfill and dumping in the sea.   

 

Whilst the political the consensus is the same across the world, many countries 

are making supporting comments to reducing waste and developing policies and 

procedures to change the culture and habits of consumer, manufacturers, and 

waste management processes. The impact is still relatively low and there is a 

need to develop effective policies which are prescriptive against the background 

of political willingness and the political popularity.  

 

The environmental impact is well established and backed up by scientific data.  

The amount of waste data now being accumulated show that the air, water and 

land are reaching points at which the ecosystem is adversely impacted.  The 

issue of micro plastic ingestion is highlighted at the smallest organic level and the 

need to take the waste out of by sea has been the focus of many academic 

research papers and popular medical coverage.   

 

The land fill process is a very costly method which relies on land being available 

for dumping waste indiscriminately. Whilst certain countries have very strict 

guidance and laws which govern how land is identified, processed for waste 

storage and maintained after the waste is deposited. Other countries (particularly 

the developing countries) are less stringent on enforcing environmental laws as 

the developed countries. To compound matters further, the developed world often 

offsets its own waste disposal onto other countries and exploit their economic 
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vulnerability. Ironically the developed world produces more waste per capita then 

the developing world, which compounds the matter further.  This is due to the 

land being at a premium and need to grow food and graze cattle is reduced due 

to the amount of waste accumulated.   

 

Another complication is the degradation of the of the waste over a period and the 

harmful leaching which finds itself into the underground water supply and 

aquafers.  The longer-term impact of this is difficult assess but some evidence 

points to untreated and contaminated waste being drawn up through wells and 

water pumps, back into the human population.   The other complication for landfill 

is the production of methane as landfill waste is decomposed with little or no 

oxygen. The methane is released into the atmosphere – which is also a 

contributor to the greenhouse effect. This can also pose challenges for safety as 

pockets of released methane can explode if a flame, spark, or other ignition 

source is in the vicinity. Finally, the environmental impact on air pollution.  

 

The mass production of materials generated as a great deal of air pollution. This 

is a combination associated with generating energy produce, transport, and 

manufacture from raw materials into finished foods – but also for the disposal of 

these materials at the end of life.  The amount of embedded energy associated 

with production of goods is not often investigated within a product lifecycle. Whilst 

the individual lifecycle of a produced from raw materials to disposal can be 

calculated – it is often difficult to look at the whole waste industry and regulate 

the collective embedded energy invested.    

 

However, what is clear that the disposal of waste through landfill and disposal at 

sea do not offer the chance to capitalise on the embedded energy. The social 

aspects of waste management and disposal was ‘traditionally out of site and out 

of mind’. In the past prior to the industrial revolution, most industries were based 

on farming and associated produce. They tended to be small holdings and 

specialising in the production, manufacture and distribution of locally produced 

goods which are consumed locally.  
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At the end of the working life were either repaired, upcycled or disposed of in a 

manner which was inherently biodegradable and carbon neutral. However, the 

advent of the industrial revolution meant that mass production of items and the 

increase of waste not just in manufacturing but also consumption began to grow 

disproportionally.  This growth continues as more cites are developed and the 

population increased, the culture of disposable consumption has firmly 

embedded itself into the wider social conscience.   

 

However, the realisation that this waste culture needs to be reassessed and 

rebalanced considering the adverse impact on the environment is motivated by 

better information and access to a wider range of information technologies and 

platforms to highlight issues in real time. Developments in technology allow 

elements of the waste disposal to be addressed in a manner which allows the 

embedded energy associated with waste to be harnessed. The need to have 

electrical energy in an environmentally sustainable manner the focus of many 

governments and communities.   

 

One way to dispose of waste and generate energy is to use waste incineration 

technology. However, the use of this technology on a smaller scale and coupled 

with heat generation along with electricity generation is highly challenging.   

However, a sustainable system which can take waste use it as a sustainable   fuel 

source to generate electricity and hot water is an ideal solution to providing other 

forms of energy in a sustainable manner and exploit the embedded energy 

associated with all waste.   

 

The challenge is to ensure that the emissions generated from the incineration 

process are managed and controlled while minimising the release of harmful 

gases.   As technology improves and better systems for detection, control and 

supporting software are developed the pollution control can be integrated. This 

can also have the capacity to ensure that the other systems such as battery 

storage systems can be integrated to have a fully autonomous system. individual 

forms components such as incinerators, electrical generators, heat exchangers, 
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pollution control and battery storage already exist.  A challenge is the integration 

of these systems which can deliver the required sustainable outcomes for an 

efficient energy from waste system.   

 

The legal framework which governs the incineration of waste is regulated by the 

WHO (World Health Organisation) [3] who set the standards of how waste 

incineration needs to be compliant. Not just in terms of the incineration process 

itself, but also the standard of handling, storing, emission controls and associated 

levels.  The standards are divided into subsections dependent upon the amount 

waste and type of waste. These standards are adopted by regional frameworks 

which included Europe, North America etc and each country will have its own 

local governing bodies which sure compliance and enforcement. 

 

There is a need to dispose of waste while at the same time generating other forms 

of energy. The legal frameworks are adopting to allow much more flexibility to 

waste disposal operators through incentivisation schemes to make the schemes 

more financially viable. Bodies such as the EA in the United Kingdom (UK) 

regulate the standards and give advice and guidance to local authorities in terms 

of compliance and enforcement [6].  

 

The ethical framework for generating energy from waste will need to be 

considered in greater detail. At first sight the disposal of waste through 

incineration process seems an ideal answer to the reduction of millions of tonnes 

around the world.  This needs to be balanced with ensuring that the emissions 

generated from the process do not reduce the air quality and release toxins into 

the air.   

  

1.2 Contribution to knowledge  

The work in this thesis supports the development of a small-scale incinerator, 

which can burn a range of waste materials in an efficient manner and use the 

thermal energy to provide either heat or electricity or a combination of both 

dependent upon the final application.  This was achieved through making a new 
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design based on previous designed to balance the air mass flow rates and better 

thermal insulation to ensure heat retention in the primary and secondary 

chambers which reduced the requirement of fossil fuels to maintain temperatures 

and allow for better combustion of gases in the secondary chamber by retaining 

the exhaust gases emitted from the primary chamber at temperatures which meet 

the Environment Agency regulations. 

 

1.3 Aims and Objectives 

The aims and objectives of this study are outlined below. 

 

Aims 
 
The primary aim of the thesis is to obtain a better understanding of the technical 

options and associated constraints in the design, manufacture, test and model a 

small-scale energy from waste industrial plant.  

The research will also examine the many challenges of integrating the various 

components in an efficient working system will also be investigated and provide 

solutions. 

 

Objectives 
 

The objectives of the research are:  

 

 

• To integrate separately manufactured components which are assembled 

into a working incinerator 

 

• To analyse collected data to determine the burn rates for differing waste 

streams, gas retention times and temperature  

 

• To design performance optimisation of incinerator by using ANSYS 

software 
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• To apply Environment Agency (EA) compliance requirements to the 

design of incinerator. 

 

• To calculate performance for energy from waste incineration process to 

drive Organic Rankine Cycle (ORC) generator/s. 

 

Structure of the thesis 
 
This thesis has been organised into five chapters which are outlined as follows: 

 

Chapter one, Introduction which summarises the topic, briefly outlines the 

chapter and highlights the major aims and objectives of this study.  

 

Chapter two, the Literature Review, will investigate and research on the current 

findings of energy from waste and determine the current technology being used 

and the type of waste which is being incinerated. It will also highlight the findings 

associated with waste specifically focused on RDF and determine the optimised 

methods of incineration to enable the maximum amount of energy released and 

pre-processing which may be required to get the most effecting combustion. 

 

Chapter three, the Methodology will establish the ontology of the research and 

the hypothesis along with epistemology. The methodology will also determine the 

approach taken to ensure that data collected will be ethical and ensure that the 

assessment is not biased and remains neutral in the findings. It will also 

determine the reason as to whether it is based on qualitative or quantitative 

methodologies and the reason why the approach was taken. 

 

Chapter four, Results and Discussion will outline the compliance requirements 

with details of the materials and operations and how data was obtained for the 

two systems being built and tested as expanded upon in chapters 5 and 6.   
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Chapter five, the Multi-Burner (MB1) will demonstrate the design, build and 

performance testing of a system which has incorporated combined thermal 

insulation materials and measure the thermal operation when incinerating a 

variety of differing waste fuels. It will show the waste fuel burn rates which also 

highlighting on the thermal efficiency of the component parts during normal 

operation  

 

Chapter six, the Moving Grate System Modelling will demonstrate modelling and 

simulation of an incinerator system which has been designed and built and to 

compare the finding of the modelled data with data gained from actual testing. 

The this will also study at the operating parameters of the test machine and give 

insight into demonstration of the compliance documentation required to obtain 

approval from the Environment Agency. It will also model the performance of the 

system with an integrated ORC (Organic Rankine Cycle) generator and 

demonstrate the proof of concept in heat exchanger design and integration 

combined heat and power system (CHP) system for an effective energy from 

waste system.  

 
Chapter seven Demonstrates the viability of an energy from waste system using 

biomass in operation and the integration of heat exchangers with an integrated 

ORC generator.  

 

Chapter eight, Conclusions, Novelty and Further work will discuss and conclude 

the findings and determine whether the modelling of the system in its various 

configurations will produce an optimised system which is able to extract the 

energy from waste fuel and still ensure compliance with emission requirements 

and EA compliance.  Details of the novelty of the finding from the results from the 

technical performance of the machine and the commercial viability for the 

manufacturers.  Areas of further research is focused on concluding other 

elements of further study can take place and give direction to where the current 

gaps may exist.
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2 LITERATURE REVIEW 

 

The section aims to highlight the challenges associated with waste to energy 

systems and explore the arguments which support the method of waste disposal 

and the potential to recoup embedded energy which otherwise would be lost.   
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The important areas to be discussed as part of the literature review are listed in 

detail in the flow chart below.

 

Figure 2 - Literature review flow chart 
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Whilst there are arguments against the reasons why the process in not always 

accepted as a viable option to reduce waste for energy purposes.  The main 

issues which arise are centred around the need to ensure that commercial and 

industrial waste is categorised and managed in a manner which allow for 

recycling of materials where possible[7]. However, despite these well-established 

processes and recycling requirements, significant amount of waste is still placed 

into land fill or ends up in the world oceans. The main challenge associated with 

the incineration process is the need to control the pollution emitted into the 

atmosphere and compliance of operators who use energy from waste.  

 

The literature review will highlight the amount of waste being generated by human 

activity and explore the technologies used in the combustion of the waste and the 

identify the gaps where a small-scale waste to energy plants may be a viable 

technical solution for addressing local energy needs and which at the same point 

reducing waste going into landfills and the sea.  

 

The use of small-scale waste incineration plants (SWIP) and the integration of 

other technologies, which support the generation of electricity and other forms of 

useable energy will also be highlighted as part of this review.  

 

The UK Environmental Agency (EA)compliance has requirements to ensure that 

compliance is achieved for small waste incineration plants operating at less than 

3000kg per hour burn rates with a minimum of 850°C, 2 seconds retention with 

sufficient  air turbulence to ensure mixing of combustion gasses within the 

sections of the primary and secondary chamber to ensure full combustion and 

even distribution of temperature within the incinerator[8]. 

 

2.1 Waste generation  

Based on the data published by The World Bank[9], as a direct result of human 

activities the amount of global waste generated in 2016 was 2.01 billion tonnes 

of municipal solid waste (MSW) were approximately 33% of waste is not 
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managed in a safe and environmentally sustainable manner.  The trend of the 

generation of waste is projected to rise by 3.4 billion tonnes by 2050.  

 

There is demarcation for countries which are classed as lower income in that the 

increase of waste generation is disproportionally high, compared to high income 

countries. The finding suggest that high income countries are likely to generate 

19% more waste per capita compared to 40% per capita for low-income countries. 

Based on the forecast there is continued growth in waste generation which is not 

likely to subside by 2050. [10].   

 

As countries develop from low-income to middle- and high-income levels, their 

waste management situations also evolve. Growth in prosperity and movement 

to urban areas are linked to increases in per capita generation of waste. 

Furthermore, rapid urbanization and population growth create larger population 

centres, making the collection of all waste and the procuring of land for treatment 

and disposal more and more difficult [3]. 

 

The need to develop a sustainable method of production use and ultimate 

disposal of consumable goods is very much the focus of the global agenda. That 

amount of global waste generated has continued to increase. The amount of 

plastic waste generated is impacting on the land, sea and air with the households, 

industrial manufacturing has consistently grown exponentially over the years 

Unmanaged and improperly managed waste from decades of economic growth 

requires urgent action at all levels of society [3]. 

 

2.2 Elements for sustainable waste management 

The disposal of waste through an incineration process is not by its nature a new 

concept where the earlier incinerators for the sole purpose of reducing waste 

generated within large urban conurbations were mainly developed just as a sole 

means of reducing waste volume and hygiene purposes.  However, some were 

used as waste to energy systems (WTE) and in some process steam and 

electricity were also produced.  
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However, original systems did not consider the amount pollutions emitted into the 

atmosphere and there was poor understanding of the impact of these emissions 

on the environment and human health. The need to increase efficiencies and  

improvements to energy from waste system is a continual process suggesting 

that thermal treatment of waste is a viable option as technology [12] [13]. 

 

 Considering that there is such a large resource of waste as potential fuel, then 

it’s only natural to determine a method by which it can be used effectively in a 

environmentally sustainably compliant manner.  This thesis sets out the progress 

made for the research into developing a viable energy from waste system which 

investigates the waste generated by human activity and he reduction of waste 

which is disposed of in a very uncontrolled manner over the last few decades and 

waste which will take many years to decay, if ever it decays at all. The main 

methods by which so much generated waste is disposed of is through land fill.  

Where land us used to bury waste for long indeterminate amount of time and will 

remain in situ over several generations.  

 

This has the adverse impact of the land being made unusable, storing, and 

releasing methane into the atmosphere which is a highly polluting greenhouse 

gas and leaching contaminants into the water supply.  The need to developed 

waste management and technology systems which reduced the impact on the 

environment are in sharp focus.  The research hopes to demonstrate the benefits 

of incineration of waste over other methods of waste management. This method 

of disposal has the added advantage of not just reducing the original waste by 

mass and volume – but also allows the creation of inert ash which can be used 

as fertilizer or mixed with other building materials i.e., concrete or asphalt 

(dependent upon the original waste).  

 

However, more importantly the ability to extract the embedded energy within the 

waste to generate heat and power for other uses. Research from different parts 

of the world highlight the amount of energy which is available from waste – which 

could lead it to being a classed as a sustainable fuel supply [14], [15]. 
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All waste has embedded calorific value, approximately 4000 Kcal/kg for RDF. The 

challenge is the extraction of this to generate energy which could be used to 

provide thermal energy and electrical energy through incineration.   The 

generation of electrical energy has always relied on the creation of high 

temperatures through combustion of fossil fuels or using nuclear fuels. 

Incineration of waste has a number of challenges in the control of dioxins and 

furans – a system which can be developed to control the emissions in real time 

will ensure that a incineration system coupled to a heat exchanger and steam 

turbine could be developed to generate heat and electrical power at a local or 

regional level. 

 

The advantage of such a system is that it promotes the disposal of waste 

generated at a local level, whilst at the same time it provides thermal and 

electrical energy at a local or district level, acting  like a combined heat and power 

(CHP) system, where efficiencies of 70%-80% can be achieved[16]. The 

advantages to such a system are that carbon emissions are reduced, and waste 

is treated at a local level. Another benefit is that local land and associated 

underground water remain uncontaminated, the load on the national grid is 

reduced (thereby further reducing the carbon emissions).  

 

There is also economic  opportunity to generate financial income for local 

communities and also create employment and training opportunity at a local or 

district level[17].  The need for renewable energy is growing as the current 

demand for alternative energy resources moves from the traditional fossil fuels 

sources towards more sustainable options.   

 

The definition of renewable sources of energy and sustainability are interlinked 

definition.  There are a range of renewable energy technologies which are used 

to help reduce the carbon emission from domestic and commercial applications. 

The use of combined heat and power (CHP) systems is well established and has 

long been recognized as an energy efficient technology used to exploit 

mechanical energy to drive generators and generate electricity and recycled 

thermal energy to provide heat. These systems are used throughout a range of 
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industries which include service sectors, manufacturing, recycling, energy 

generation and distribution etc.  Therefore, this research is aimed to investigate 

and determine a method by which energy can be extracted from waste and used 

for generation of electricity as well as space heating.  

 

Existing CHP systems can have its overall efficiency improved thorough the 

integration of Stirling engine technology. The integration of this technology will 

use the thermal energy produced and stored within the CHP system and recycle 

heat to drive an ORC generator to produce electricity and increase overall 

efficiency of the CHP system. This extra efficiency could be used to offset 

parasitic loads, which are used to maintain the software, and hardware on a CHP 

system or could be used to charge batteries or export to the grid. The 

performance of the modelled CHP system and the integrated ORC generators 

design has been assessed and supported with a thorough literature review as 

well as critical evaluation of the findings and calculations. 

2.3 Waste in the economy 

The issue of waste generation in a circular process with many processes and 

associated input from a range of supply chain links which facilitate the 

manufacture use disposal and ultimate reuse within the economy as shown in 

Figure 3 [18]. 

 
Figure 3- Waste in the economy 

 

The start of the waste process starts with human activity in the commercial and 

domestic sectors.  The waste generated is usually collected and sent to a transfer 
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station. The transfer station then sorts the mixed waste into some elements of 

component parts which are sent for recycling (metals, plastics etc), incineration 

and landfill – from the incineration process there is the option of determining 

energy from the waste i.e., electrical, thermal or both in the form of a combined 

heat and power system (CHP). 

2.4 Combustion theory  

The combustion process is the rapid chemical reaction during which, the 

elements in a fuel combine with the oxygen in the air thereby releasing heat 

energy which also includes light. Combustion can be seen as the oldest 

technology used by mankind and the ability to create fire has its roots in Greek 

mythology and other religious and cultural belief around the world[19]. 

The most waste fuel elements consist of carbon, hydrogen, and small amount of 

sulphur. The fuel may contain some embedded oxygen and small quantities of 

incombustible elements such as nitrogen, water vapour, ash, etc. Waste fuels 

could be in the form of Solid (e.g., coal, coke), Liquid (petrol, diesel oil, kerosene 

“paraffin”, heavy fuel oil) or gas (Methane “CH4”, Ethane “C2H6”, Propane “C3H8”, 

Butane “C4H10”). 

 

A Stoichiometric air and fuel mixture is one which contains just sufficient oxygen 

(or air) for complete combustion of the fuel.  A mixture, which has an excess air 

referred to as “a weak mixture or fuel lean”, and one which has deficiency of air 

referred to as “rich mixture or fuel rich”.  

For gaseous fuels the ratio is expressed by “volume or mass”, while for solid and 

liquid fuels, the ratio expressed by “mass”.  For boiler plants, the mixture is usually 

with greater than 20% excess air. 

 

% Excess air 
Actual Air Require − Theroetical Air Required

Theroetical Air required
 x 100 

 

The above expression will give “positive” result when the mixture is “weak (i.e., 

with excess air)” and “negative” result when the mixture is “Rich (i.e., with 

deficiency of air)”. 
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Mixture Strength =  
Theoretical (stoichiometric) Air Fuel Ratio

Actual Air Fuel Ratio
 

 

The combustion process requires the three elements to be combined and 

balanced within the system for efficient combustion of waste.  Efficient 

combustion of any fuel must have a balance which has a positive balance. The 

balance for combustion is shown in Figure 4 [20] and shows the relationship of 

the combustion process elements.  

 
Figure 4 - Combustion triangle  

 
If any one of these elements within the triangle are removed, the combustion 

process stops. If the elements within the triangle are compromised, then the 

combustion process is not optimised and generates increased carbon monoxide 

(CO), reduction of heat and reduction of waste  burn rates and if too much air 

(and by default oxygen)  in the combustion process then the results will be the 

that other gases will be created like nitrogen oxide , sulphur dioxide etc[21] 

creating pollution through the exhaust gases.  

2.5 Moisture Content  

The simple rule is to ensure that any waste fuel being combusted in any system 

has as low moisture content as possible which ultimately supports an increase in 

waste fuel burn rates. Whilst all waste fuels will have varying degrees of moisture 

content - industry best practice to advise on the “best case scenarios” for burning 

waste and it’s recommended that a moisture content of <15% for optimum 
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combustion characteristics.  The reason is that the more moisture is in the fuel 

the less efficiency in the incineration process within the combustion chamber. To 

demonstrate this an example the worked example illustrates how much energy is 

lost which could be used for other purposes. 

 

Worked example 
As an example, of incineration and combustion the following example is used to 

understand the principle of reducing moisture content more clearly.  

Understanding that should waste fuel which contains too much moisture is 

helping to delay ignition. Therefore, the waste does not combust immediately, 

thereby influencing burn rates. 

 

To summarise: 

 

• Water does not burn. 

• Ash is dry, meaning you are using energy and time to get rid of water from 

waste stream. 

• If waste was dry at the beginning, energy and time consumed to get rid of 

water would be used for burning the actual waste instead, hence overall 

burn rate would be higher. 

  

To demonstrate the impact of moisture present in the waste fuel, the following 

calculation illustrates this. Assume that we can burn 300 kg of waste per hour 

with 80% moisture content. In this example energy we are using for the 

combustion process is coming from diesel oil.  Assume that we are using 35 litres 

of diesel per hour to burn that waste. Knowing that 35 litres of diesel produce (35 

x 10 kW/h) 350 kW/h of energy.  In addition to burning the waste itself, part of the 

energy is used to is used to evaporate water. 

  

• It is known that for evaporation of 1 kg of water, we need approximately 

2600 kJ of energy (0,722 kW), assuming the temperature of the original 

waste was 20°C at the beginning.   
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• As an example, 300 kg of wet waste, @80% moisture means that we have 

(300 x 0,8) 240 kg of water. 

• To evaporate 240 kg of water, we are using total of 240 x 0,772 = 172.8 

kW/h of energy. 

• This is almost half of the energy introduced by burning diesel used only to 

dry out waste. 

• Of course, complete calculation is not that simple, as you are also 

releasing energy from waste being burned, but it should give illustrate the 

challenges when burning waste fuels. 

• Additionally, all the water is turned into steam. However, steam causes 

problems in the chamber as oxygen can’t flow around normally as it takes 

up volume in the combustion chamber. 

 

In addition to this, steam is increasing pressure, so ID fans have to work faster 

sucking more heat from the chamber, therefore have to use more diesel to 

maintain desired process temperature.  To conclude, the more water is in the 

waste, more energy is needed to treat the waste and process is more complex. 

2.6 Environmental performances and Energy 

 

The comparison of larger WTE systems suggest the environment impact of these 

systems is a viable addition to the mix of renewable technologies used to 

generate electricity were even the renewable contribution is 45 percent to the 

overall provision of electrical ,energy within Europe [22].  

 

The UK Government has set out clear details for supporting the principle for 

generation waste to energy systems and promotion of the general reduction of 

domestic and commercial waste streams. The principle which are set out in the 

guidance document sets out four key criteria are set out  Table 1. 
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Table 1 - UK Government energy from waste guidance  
Principle Criteria 

1 
Energy from waste must support the management of waste in line 

with the waste hierarchy. 

2 

Energy from waste should seek to reduce or mitigate the 

environmental impacts of waste management and then seek to 

maximise the benefits of energy generation. 

3 

Government support for energy from waste should provide value 

for money and make a cost-effective contribution to UK 

environmental objectives in the context of overall waste 

management and energy goals 

4 

Government will remain technology neutral except where there is 

a clear market failure preventing a technology competing on a 

level footing. 

 

Under principles one to three, the UK Government is in support of the 

development t of energy from waste systems and the energy from waste must tie 

in with the waste hierarchy.  The hierarchy itself is set out in five stages, i.e., 

prevention, preparation for reuse, recycling, other forms of recovery and disposal. 

In the section for other forms of recovery, this includes incineration as well as 

anaerobic digestion and gasification and pyrolysis. – all aimed at recovering 

sufficient energy for other uses [23].  

 

On planet Earth, there are several sources of energy which occur throughout 

nature.  These sources include the sun, wind, sea as well as more obvious 

sources such as biomass which includes wood, leaves, peat and others such as 

coal, oil and gas [24].  The traditional sources of energy used by early civilisations 

was based on the use of readily available dry leaves, wood and twigs found in 

the immediate environment, which were gathered through foraging and perhaps 

sorted would serve the needs of the individual or small family groups.  

 However, as civilisations developed the need to have ready accessible and the 

need for reliable and manageable sources of energy grew.  The use of energy for 
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the developing world has reached a point where the generation and use of energy 

from fossil fuels is contributing to a range of pollution which is affecting the air 

land and sea. The need to generate energy from a range of renewable energy 

sources is now becoming a major challenge for international government and the 

desire to reduce the impact of global warming, through the emissions of 

greenhouse gases, contamination of land and the acidification of the sea [25]. 

 

Energy has been described in physics as the quantitative property which can be 

transfer into an object in order for it to perform work [26].  It is accepted within the 

discipline of physics there is that energy exists in a range of forms within the 

universe.   

 

The amount of energy within the universe is at a fixed state and cannot be created 

or destroyed due to the law of conservation of energy.  However, energy 

transitions from one form to another through a phase change ref.  This transfer 

of energy from one form to another goes through energy transformation.   

 

The generation, harnessing and distribution of energy has allowed human 

civilisation to develop and expand.  From the original mythical developing of fire 

as a source of energy has allowed humans to reach technological advances and 

extract the advantages for survival, manufacture and security [27]. 

 

The use of energy for the developed world is the cornerstone of consolidating the 

status quo and developing further technological breakthroughs. There are many 

different forms of energy such as electrical, thermal, nuclear, mechanical, 

electromagnetic, sound, and chemical and the transition between these forms 

happens every second of the throughout the universe.  The process used for 

changing energy from one form to another is known as transducing where 

mechanical energy (kinetic) can be converted to electrical or electrical energy can 

be converted to heat etc.   

 

The process of transition takes many forms and requires a range of devices which 

help to convert one for on energy into another. For example, an internal 
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combustion engine will convert fuel (chemical energy) into mechanical movement 

(kinetic energy), during this process other forms of energy are also produced as 

by projects i.e., heat and noise. These by-products generated detract from the 

from the main use of internal combustion engine the chemicals engine introduce 

a measure of in efficiencies which reduce the overall performance of the engine. 

 

2.7 Waste types and streams 

 

It is crucial to understand what is waste in the context of incineration and disposal. 

Waste is generally defined as. 

 

“…any substance or object which the holder discards or intends or is required to 

discard…” [28]. 

 

Essentially materials or products which have come to the end of their useful life 

and are disposed as no value items. The principles of consumers consumption 

and the culture of single use materials is prevalent within the global economy and 

hence the need for disposal of these items in a manner which reduces land, sea 

and air pollution.   

 

Waste is generated from all elements of society and industry which ranges from 

common household waste to specialist waste from medical, farming and many 

other industries.  To manage the waste, ethical engineering process are 

employed to ensure that each waste stream approach will vary significantly.  

Although the approaches vary significantly the waste incineration sector broken 

down into five main categories. 

2.8 Waste types 

The same principle applies for any device used to convert energy into different 

forms and efficiencies vary accordingly.  This work is focused on the need to 

develop systems which extract as much energy as possible in the most effecting 

way to ensure that any system is operating at the most optimized level.  The need 
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for efficient energy conversation has many benefits which include reduced 

materials in manufacture, reduced impact on the environment, reduced 

emissions, reduction in physical size of devices, efficiency use of natural 

resources etc.   

 

There is a need to continue with looking at resources which can be used to 

generate energy and a resource which is coming more into the forefront is the 

development of systems which generate energy from waste.  The definition of 

waste has been in use in its current wording for over thirty years and   embedded 

in the 2008 Waste Framework Directive (Directive 2008/98/EC).  

 

This set of guidance provides a legal analysis of Article 3(1) which defines “waste” 

as: 

 “…any substance or object which the holder discards or intends or is required to 

discard…” [29] 

The waste generated by human activity is growing exponentially and there are a 

many different types of waste to be considered. 
 

The increasing volume of sewage sludge from wastewater treatment facilities is 

becoming a prominent concern globally. The disposal of this sludge is particularly 

challenging and poses severe environmental hazards due to the high content of 

organic, toxic and heavy metal pollutants among its constituents. The amount of 

raw sewage generated from human and animal faming activity.  

 

The rapidly increasing population and urbanization growth has resulted in higher 

demands on finite resources such as land space, water, food, and energy. It has 

also intensified environmental challenges, which include pollution and waste 

management issues. These issues are quite detrimental to the global goal of 

sustainable development and hence, have ignited global interest in sustainable 

strategies for energy utilization, production and waste management [30]. 

 



Chapter 2 – Literature Review 

30 

    

Agricultural waste consists of plant and faecal materials generated by the 

farming industry. This includes waste from harvesting materials as well as 

maintenance of land and forestry.   

 

 

The UK waste market generates approximately £40M tonnes of waste where 

around 7.7m tonnes of biodegradable waste is sent to land fill. There is pressure 

on the UK government to reduce this by 35% to meet the 2020 target within the 

EU[31].   

 

The UK economy generates tonnes of waste oil from the transport, foods and 

commercial sectors. The treatment of this is to refine the product and generate 

biodiesel. However, the sludge that remains still has a high calorific value (CV). 

The amount of waste generated in the world continues to grow as the culture of 

disposable plastics, textiles and general household waste steadily increases[32]. 

There is strict guidance on all incineration plants which burn waste and un the 

EU/UK are categorised in two general headings i.e., hazardous, and non-

hazardous. The need to control the emissions is very important and controlling 

the dioxins, furans, carbon dioxide, carbon monoxide etc with a requirement that 

bottom ash deposited in the incinerator are less than 3% of total organic carbon 

(TOC) [33].   

 

The challenge is also to track the particles within the incinerators and ensure that 

the gasses are retained for a minimum of two seconds which combustion 

modelling the fuel in the incinerate and the and comparing with verified data.  The 

concept of incinerators and their application into the wider works of waste 

disposal, cremation and biohazard control was driving force within the company.  

Incener8 was established in 2014 meeting the needs of a wide range of clients 

and providing solutions to meeting the need to dispose of waste in a controlled 

and efficient manner whist also respecting the environment and the laws which 

govern compliance of emissions and pollutants.   
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Incineration is a heat treatment process which involves the combustion of organic 

substances contained within the waste materials.  The process of incineration 

requires high temperature which are used to initiate the process, which supports 

the thermal treatment process to enable any material waste to be broken down 

into its chemical component through oxidisation.  Incineration of materials 

reduces the original waste into their main comment parts i.e.  ash, flue gas and 

heat.   

 

There are systems which can be integrated into incinerators to use the heat for 

either space heating, generation of electricity or a combination of both.  However, 

the challenge is ensuring that the emission from the incineration process is strictly 

controlled, to ensure that air controlled and compliant with operating regulations 

and legislation.   

 

Large scale incinerators are well established, and examples can be seen all over 

Europe and the wider world.  However, there is a growing need to develop 

incinerators which are small scale and specifically developed for localised 

disposal for a range of waste stream.  There is also a requirement for not just 

incinerating waste but also to capture the energy and use it for other uses i.e., 

the generation of electricity, space heating or combination of both.  Normally 

referred to a combined heating and power (CHP) system and the integration and 

design of these systems have to be accurately designed and integrated to 

maximise the energy released from the incineration of waste and reduce the 

impact on the environment. 
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2.9 Mixed Municipal Waste  

Mainly untreated household waste and domestic waste which also includes 

industrial and commercial waste non-hazardous waste – this is sometimes 

referred to as municipal solid waste (MSW). 

 

 
Figure 5- Example of mixed municipal waste contents  

 

The content of the of this waste stream can vary significantly from location to 

location and region to region.  As can be seen Figure 5 [34] above sets out the 

broad component parts as within any given typical load. Whilst the current 

disposal methodology is to place it into land fill, there is now a momentum to avoid 

landfill in favour of incineration[34].  

 

This is motivated by the fact that the deposition of the materials takes many years 

to decompose and the and is not useable, if at all. In addition to this, there is 

adverse impact on the waster take as toxins and pollutants which will leach out 

into the soil and water. 
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2.10  Pre-treatment of municipal waste 

This is where waste is pre-treated i.e., selectively collected, pre-treated for 

prepared in a way which differs from mixed waste. Refuse derived fuel (RDF) falls 

into this category and in principle should contain combustible materials i.e., wood, 

paper, plastics etc. However, depending on the quality of the initial sorting 

process, RDF varies significantly in its constituent parts and can also vary region 

to region. It is not appropriate to determine a standardised content as it can vary 

greatly, and the moisture content can also vary.  The contents of the waste can 

also change seasonally – thereby compounding the problem of consistency.   

 

Manual separation 

Bulky items such as large pieces of wood, rocks, long pieces of cloth, etc. are 

removed by hand before mechanical processing begins. Equipment involved in 

manual separation usually includes a sorting belt or table. Hand picking of refuse 

is perhaps the most prevalent MSW handling technique; it is also the only 

technique for removal of PVC plastics. Hand separation is time consuming and 

labour intensive as shown in Figure 6 [35], however, it does allow for the sorting 

of waste in a manner which contributes towards having better separation of waste 

and the recovery of recyclable materials. 

 

 
Figure 6 - Hand separation process 
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Air separation 
In this step, fans are used to create a column of air moving upwards. Low-density 

materials are blown upwards, and dense materials fall. The air carrying light 

materials, like paper and plastic bags, enters a separator where these items fall 

out of the air stream. The quality of air separation depends on the strength of the 

air currents and how materials are introduced into the column. Moisture content 

is also critical as water may weigh down some materials or cause them to stick 

together. 

 

Size reduction 
Two types of devices are commonly used for this process: hammer mills and 

shear shredders. Hammer mills consist of rotating sets of swinging steel 

hammers through which the waste is passed, and shear shredders are used for 

materials that are difficult to break apart such as tires, mattresses, plastics, etc. 

The hammers need frequent resurfacing or replacement. Both are energy and 

maintenance intensive in. Hammer mills shatter items such as fluorescent light 

bulbs, compact fluorescent lamps and batteries. 

 

 
Figure 7 - Hammer mill 
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As seen in Figure 7[36]and Figure 8 [37]Figure 8 the size reduction and 
processing of waste is very intensive and costly due to the investment in 
the machinery and complexity of the waste streams and their content [35, 
36]. 
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Mechanical separation 
 

 
Figure 8 - Sheer shredder 

 

Another methodology for reducing the waste size is place into a centrifugal 

shredded system which reduces the original volume by 80% and the weight by 

50%.  This allows the waste to place into centrifuge. The physical particle size to 

be reduced, but more importantly reduce the moisture content of the waste as 

shown in Figure 9 [38] and Figure 10 [39]. 
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Figure 9 - Ompeco volume reducer 

 

 
Figure 10 – Results of the size reduction 

 

Trommel screening 
A trommel screen, also known as a rotary screen as shown in Figure 11[40] is 

a mechanical screening machine used to separate materials, mostly solid-waste 

processing industries. It consists of a perforated cylindrical drum that is normally 

elevated at an angle at the feed end. For an inclined drum, objects are being lifted 

and then dropped with the help of lifter bars to move it further down the drum; 

otherwise, the objects roll down slower. Furthermore, the lifter bars shake the 

https://en.wikipedia.org/wiki/Mechanical_screening
https://en.wikipedia.org/wiki/Waste_management
https://en.wikipedia.org/wiki/Waste_management
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objects to segregate them. Lifter bars will not be considered in the presence of 

heavy objects as they may break the screen.  Physical size separation is 

achieved as the feed material spirals down the rotating drum, where the 

undersized material smaller than the screen apertures passes through the screen, 

while the oversized material exits at the other end of the drum.  In municipal solid 

waste industry, trommel screens classify sizes of solid waste. By removing 

inorganic materials such as moisture and ash from the air-classified light fraction 

segregated from shredded solid waste, trammel screening improves the fuel-

derived solid waste. 

 
Figure 11 - Example of trommel separator  

  

Another available design of trommel screen is concentric screens with the 

coarsest screen located at the innermost section. It can also be designed in 

parallel in which objects exit one stream and enter the following. A trommel in 

series is a single drum whereby each section has different apertures size 

arranged from the finest to the most course.  

 

Drying 
Drying process reduces the moisture content of waste and prevents the leachate 

production- which could seep into the water table if the waste was disposed of in 

land fill or stored in an open area over long periods of time.   Dried materials tend 

to be inactive biologically and are easier to store. This results in a homogeneous 

refuse-derived fuel (RDF) which has significantly reduced moisture content as 

shown is Figure 12 [41].  Any partially decayed waste should be dried, either 



Chapter 2 – Literature Review 

39 

    

under the sun, by hot air, or by a combination of both if applicable. As discussed 

in section  2.5 the reduction of moisture in the waste increases its overall energy 

density. Although the option to air dry in the UK is very limited for customer/ clients. 

However, for those who operate in different parts of the world, this could be 

considered as part of the initial feasibility study.  This important step in the 

process differs in each facility depending on the investment or land availability. 

Solar drying is not possible during rainy seasons and most facilities run at a 

fraction of their capacity during the rains, sending most of the waste to landfills. 

Mechanical drying, on the other hand, requires significant amounts of energy that 

could easily render RDF plants unprofitable without huge government subsidies. 

 

 
Figure 12 – Example of RDF dryer system  

 

Metal separation 
In Ferrous metal separation (Magnetic separation) electro-magnets are used in 

this step so they can be switched on or off to allow removal of collected metals. 

However, not all metals can be removed by magnets. Non-ferrous metals do not 

have iron and do not respond to the magnetic field. Stainless steel, copper, and 

aluminium, for example, are only weakly magnetic or are not magnetic at all. A 

further limitation of this technique is that small magnetic item will not be picked 

up if they are buried in non-magnetic materials and larger magnetic items can 

drag unwanted items like paper, plastic, and food waste along with them.  Non-

ferrous metal separation (Eddy current separator). 
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As shown in Figure 13 [42] demonstrates a separation of non-ferrous metals from 

inert materials in an eddy current separator. Eddy current separators, or non-

ferrous separators, use the current induced in little swirls (“eddies”) on a large 

conductor and separate non-magnetic metals. An eddy current is a swirling 

current set up in a conductor in response to a changing magnetic field. If a large 

conductive metal plate is moved through a magnetic field which intersects 

perpendicularly to the sheet, the magnetic field will induce small “rings” of current 

which will actually create internal magnetic fields opposing the change. 

 

 
Figure 13 - Eddy current separator 

 
Eddy current separators handle high capacities because the conveyor belt 

separates and carries away non-ferrous metals continuously and fully 

automatically. An important factor for good separation is an even flow of material, 

supplied by a vibrating feeder or conveyor belt, for example, to provide a uniform 

monolayer of materials across the belt. It is especially important with smaller 

fraction sizes. 
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Producing the final product 
Once all of the separating and size reduction steps are complete, the final RDF 

product can be formed into bricks or pellets or can be left as fluff. Each form is 

derived from material separated at a particular stage in the process. Large pieces 

that escape the trommel screening stage and lighter materials like plastic bags 

that get blown off during air separation are baled together as RDF bricks. The 

shredded material from the hammer/flail mill and medium sized rejects from the 

trommel screens are used for the RDF fluff. Finally, the residual waste is mixed 

with binders like agricultural husk and passed through a pelletizing machine that 

converts the waste into pellets. 

2.11 Hazardous waste definition  

The Environmental Protection Agency (EPA) classes hazardous waste into four 

main categories. 

• ignitability, or something flammable. 

• corrosivity, or something that can rust or decompose. 

• reactivity, or something explosive. 

• toxicity, or something poisonous. 

 

Waste is generally considered hazardous if it has the potential (or the material or 

substances it contains) to be harmful to humans or the environment. Examples 

of hazardous waste include (but not limited to): 

• asbestos 

• chemicals, such as brake fluid or print toner 

• batteries 

• solvents 

• pesticides 

• oils (except edible oils), such as car oils and lubricants 

• equipment containing ozone depleting substances, like fridges 

• hazardous waste containers 
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The waste classification code, also referred to as LoW (List of Waste) 

or EWC (European Waste Catalogue) code - you can find some common 

classification codes in parts 2 to 6 of the guide. This comparative list classes all 

the various waste and classes them as ‘mirror hazardous’ (MH), mirror non-

hazardous (MN), absolute non-hazardous (AN) and absolute hazardous (AH). 

Details of these classification and applications to waste stream are detailed in the 

publication ‘Waste Classification – guidance on the classification and assessment 

of waste’ May 2018.[29] 

 

Hazardous waste incineration  
For the purposes of the WID, ‘hazardous waste’ means any solid or liquid waste 

as defined in regulation 6 of the Hazardous Waste (England and Wales) 

Regulations 2005 [43].  However, the requirements of the WID which apply to 

hazardous waste are disapplied by Article 3(2)  [44] to the categories of waste 

set out below.  These requirements include those relating to the reception, 

sampling, analysis and combustion temperatures applying to hazardous waste:  

Combustible liquid wastes including waste oils provided they meet the following 

criteria:  

 

• The mass content of polychlorinated aromatic hydrocarbons, e.g. 

polychlorinated biphenyls (PCB) or Penta chlorinated phenol (PCP) 

amounts to concentrations not higher than those set out in the relevant 

Community legislation 

• These wastes are not rendered hazardous by virtue of containing other 

constituents listed in Schedule 2 of the Hazardous Waste (England and 

Wales) Regulations 2005 in quantities or in concentrations which are 

inconsistent with the achievement of the objectives set out in Article 4 of 

the Waste Framework Directive 

• The net calorific value amounts to at least 30 MJ per kilogram. 

 

Please note that this section is only for guidance and Inciner8 considers the 

thermal treatment of waste based on a specific case study of the individual waste 

stream being incinerated. On the whole inciner8 does not provide dedicated 
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incinerator systems for the sole purpose of treating hazardous materials as listed 

in this section. Sewage waste – Where sewage waste is to be placed into an 

incinerator is sometimes mixed with other waste for incineration such as 

municipal waste, bio waste.  Clinical waste – were there are other subcategories 

related to each individual waste stream. 

 

 The incineration process is the oxidisation n of materials contained in all waste 

types. As waste overall is made up of many differing component parts, consisting 

of organic, minerals, metals and water.  During the thermal treatment process, 

flue gases are created which are emitted into the atmosphere.  The definition of 

waste is very wide and can be open to interpretation. However, in the context of 

incinerator waste types they fall broadly down into two main component parts i.e. 

hazardous and non- hazardous.  Please note that rules, laws, environmental 

considerations and emission limits vary across different countries and regions. 

The calibration operation and maintenance of the incinerator needs to meet the 

local emission standards and local compliance measures.   

2.12  Waste which can be incinerated 

The following list is designed to be indicative of the waste which can be 

incinerated through the machine.  The waste can be safely incinerated in most of 

the machine however, guidance and clarification should be sought to determine 

which fuel, source can go through a thermal treatment process and  to ensure 

that energy released from the is sufficient to be utilised in other forms which are 

useful and balances the suitability debate [45]. 

 

Biomass 
Biomass is defined as plant materials which includes wood—logs, chips, bark, 

and sawdust as shown in Figure 14 [46]. Other biomass sources can include 

agricultural waste products like fruit pits and corncobs. However, is advised that 

the moisture content is reduced as much as reasonable possible to ensure clean 

and constant combustion and increased burn rate of the waste fuel.  The calorific 

value of biomass is estimated to be between 12.5MJ/kg - 19MJ/kg which 

translates to 3.4 kw/kg - 5.2kW/kg [47] 
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Figure 14- Examples of Bio-mass 

 

Although this can vary greatly dependent upon the constituent parts of the fuel 

mix, moisture content and particle size of the waste will impact on the burn rates 

of the incinerator machine.  

 

Municipal solid waste 
The details in  Table 2 [48] composition MSW as it appears in a recycling centre. 

However, this component parts are indicative and do not represent a consistent 

picture as it will vary from region to region, country to country and seasonally as 

people disposal habits change throughout the year. 
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Table 2 – Typical municipal solid waste  

 
 
Refuse derived fuels  
All the incinerators within the range are designed to burn RDF with varying 

compositions composition and quality. However, the performance of the machine 

totally dependent on the quality of the waste fuel being placed into the machine. 

Therefore, high moisture content, particle sizes and the batch loading method 

employed will impact on the burn rates.  The calorific value of RDF is estimated 

to be between 9 MJ/kg - 19MJ/kg- this is again very depended on the constituent 

parts of the fuel and vary significantly[49].   

 

Each machine is specifically designed to ensure that waste stream is disposed of 

in a safe and efficient manner and reduce the impact on the environment.  There 

are many types of waste generated from a whole range of industries and each 

waste stream. This document es designed to give the reader an insight into the 

basic understanding of the nature of the incineration process helps to dispose of 

the waste in each section. 

 

Solid refuse fuel 
The RDF is compressed and moulded into pellets as shown in Figure 15 [50]. 

The advantage of going through this process that it allows the fuel to compacted 



Chapter 2 – Literature Review 

46 

    

and any moisture contained is taken out – and the density increased which gives 

is a much more higher CV than loose RDF.  In addition to this is allows for a more 

consistent. However, SRF plans will process and pre-sorted waste into a 

homogenous shredded particle of no more than 30mm in size with a moisture 

content of less than 15% and a calorific value (CV) of 18-22mJ/kg [51]. 

 

 

 
Figure 15- Example of SRF pellets  

 Clinical Waste 
Medical waste is defined as waste generated during the diagnosis, testing, 

treatment, research or production of biological products for humans or animals 

(World Health Organisation).  The Figure 16 [52] sets out the different types of 

waste generated in the medical industry and the process by which the waste can 

be managed.  For the purposes of this document the main wastes which can be 

disposed of through the incineration process is general waste and infected waste. 
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Figure 16 - Medical waste classification chart 

 

The development of the incineration process which disposes of general medical 

waste infected plastics and infected waste. The ideal scenario will be to ensure 

that the medical waste is not mixed and incinerated in separate specific batches 

as shown in Figure 16.  The advantage of doing so is that the waste will be 

consistent as it goes through the incinerator and therefore the readjustment of 

the machine is minimised to ensure that the incinerator burns at its optimised 

settings. 

 

 Animal incineration 
The need to control outbreaks of disease and the general management of 

animals needs to be considered carefully and ethically as shown in Figure 17 [53]. 

The incineration  of animal stock is legislated and enforced through the EU Animal 

By-Products Regulation 1069/2009  and EU Implementing Regulation 142/2011. Whilst the 

disposal of fallen livestock through the incineration process is common to control 

biohazard and disease impacting on the livestock market and food security. The 

use of poultry litter and other organic waste matter formed from the digestion of 

food and the associated waste generated has been used as a fuel source to many 

years despite the health impact of the emissions of from the combustion process 

in low income and poor communities  [54]. 

 

http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:300:0001:0033:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:300:0001:0033:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2011:054:0001:0254:EN:PDF
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Figure 17 - Livestock control 

2.13  Setting the incinerator for optimised combustion 

The combustion process requires the three elements to be combined and 

balanced within the system for efficient combustion of waste as shown in Figure 

4. If any one of these elements within the triangle are removed, the combustion 

process stops. If the elements within the triangle are compromised, then the 

combustion proceed in not optimised and generates increased carbon monoxide 

(CO), reduction of heat, reduction of waste burn rates and if too much air (and by 

default) is in the combustion process then the results will be the that other gases 

will be created like nitrogen oxide, sulphur dioxide etc   

The waste recycling process is highly labour intensive and goes through several 

steps. To ensure that the waste fuel produced matches with the requirements of 

the machine and optimises its performance and longevity.  

2.14  Impact of waste size   

It is important to try and reduce the waste into sizes which increases the surface 

area of its component parts. To achieve the best and most effective combustion 

is done through exposing the largest surface area to high temperature. This 

allows the quicker introduction of heat and oxygen to each particle and allows for 

fuller and complete combustion to take place. As can be seen from the example 

in Figure 18 [55] – the reduction of the size of the initial object has increased the 

surface area significantly. 
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Figure 18 - Reduction in size and increasing in surface area 

 

As a result of the decreased size and the increase on surface area, the 

opportunity for heat and oxygen molecules to interact with the waste fuel. The 

advantage of this is that it allows the right amount of oxygen to be introduced into 

the combustion process which ensure that the waste fuel is adequately 

combusted, and that any surplus oxygen is controlled so that it will not combine 

with other elements and thereby minimise pollution. 

 

Sorting the waste  
When the waste items arrive at the recycling plants, the first step involves sorting 

all the items manually. The waste items are taken apart to retrieve all the 

recyclables and then categorised into their respective waste streams that can be 

re-used or continue the recycling processes. 

 

First size reduction process 
Here, items that cannot be dismantled efficiently are shredded together with the 

other dismantled parts to pieces less than 50mm in diameter. It is done in 

preparation for further categorization of the finer waste. The smaller the pieces of 

the waste the increase in the relevant surface area exposed to the high 

incinerator temperatures.  
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Second size reduction process 
The finer waste particles are then evenly spread out through an automated 

shaking process on a conveyor belt. The well spread-out waste pieces are then 

broken down further. At this stage, the waste is now acceptable for sentencing to 

the incinerator. 

2.15  Emission standards 

All countries will have emission standards which are applied to their local 

communities on a local, regional and national levels - these need to be checked 

with the operators and the machine set accordingly. An example of emission 

limits applied in the UK for small waste incinerator plants (SWIP) for less that 

3000kg per hour of waste being incinerated is listed in Table 3 [6] 

 

Table 3 - SWIP emission standards 
 

Element Emission limit 
Dust / particulates 10 mg/m3 

Total Organic Compounds (TOC) 10 mg/m3 

Hydrogen Chloride (HCL) 10 mg/m3 

Hydrogen Fluoride (HF) 1 mg/m3 

Sulphur Dioxide (SO2) 50 mg/m3 

Nitrogen monoxide (NO) and 

Nitrogen Dioxide (NO2) 
200 mg/m3 

Heavy-metals 

Sb+As+Pb+Cr+Cu+Mn+Ni+V 
0.5 mg/m3 

Heavy metals Hg 0.05 mg/m3 

Heavy metals: Cd + TI 0.05 mg/m3 

Dioxins & Furans 0.1 ng/m3 

Carbon monoxide (CO) 50 mg/m3 

 

The control of these emissions is based on controlling the balance of the waste 

in the primary chamber and the generation of associated flue gases.  When 

combustion taken place in the primary chamber the chemical reaction of fuel, 
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heat and oxygen and released energy from the fuel.  The efficient combustion 

process should allow the control, or air within then primary chamber at the initial 

stages.  Air contains oxygen (approx. 20%), nitrogen (approx. 78%) and the 

remaining 2% is made up of a combination of gases which includes Carbon 

Dioxide, Argon and water vapour. 

 

Controlling the emissions in the primary chamber  
As this is the first stage in the incineration process – it is very important to 

understand what the impact of poor combustion has on the emissions from the 

incinerator machine further down the line. The control of the airflow at this initial 

stage will help burning of the waste and control the pollution gases as detailed 

Table 4 [56],[57],[58],[59],[60],[61],[62]. 

 

Table 4 - Emission compounds 
Type Chemical Formula Structure 
Carbon 

monoxide 
CO 

 

Carbon 

dioxide 
CO2 

 
Sulphur 

dioxide 
SO2  

Nitrogen 

oxide 
NO 

 

Nitrogen 

dioxide 
NO2 

 

Hydrogen 

fluoride 
HF 
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Hydrogen 

chloride 
HCL 

 
 

Carbon monoxide is produced when there is insufficient oxygen supplied to burn 

fuel.  As there is not enough oxygen for combustion the fuel, then the gases 

produced carbon monoxide.  Carbon monoxide is a poisonous gas, which is 

colourless and odourless. To control the production of CO the incineration 

process needs to more air introduced into the combustion chamber to ensure that 

all the carbon is fully consumed, and that partial combustion is reduced. 

 

This molecule is a by-product of the combustion process and is a gas which is 

released into the atmosphere. Generating CO2 is part of the incineration and 

combustion process which signifies he waste fuel has reduced the carbon within 

the oxygen  

 

Depending on the waste stream, the fuel will contain varying amounts of sulphur.  

The combustion processes and the control of this compound is largely chemical 

rather than physical.  SO2, SO3, and NO2 are strong respiratory irritants that can 

cause health damage at high concentrations and are the principles causes of acid 

rain.  To control the production/ reduction of SO2 is to control the airflow and 

subsequent oxygen content at the incineration primary chamber. By ensuring that 

the excess oxygen is controlled to the point it only allows for full combustion of 

the waste alone, will have a significant impact on the formation of SO2. 

 

When fuels are burned in the incinerator, high temperatures are reached. At these 

high temperatures, nitrogen and oxygen from the air combine to produce nitrogen 

monoxide.  Nitrogen represents 78% or the component of air and in general inert 

as is does not react with other elements. However, at high temperatures the 

nitrogen atom will combine with oxygen atoms.  This occurs when there is a 

surplus of oxygen atoms within the combustion process.  

 

When this nitrogen monoxide is released from incinerator exhaust systems, it 

combines with oxygen in the air to form nitrogen dioxide.  This is again due to the 
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surplus of oxygen atoms in the combustion air which have high heat energy and 

look to bond with any other atoms which are present in the combustion gases. 

 

The formation of HF is due to the Hydrogen fluoride (HF) is an acidic gas released 

to air from combustion of fuels which contain trace amounts of fluoride. Some 

industrial processes use HF as an acidic reagent (or produce HF), giving rise to 

emissions. HF is chemically very similar to HCL. 

 

Incomplete combustion of organic compounds in the waste feed stream produces 

some carbon monoxide (CO) and carbon-containing particles. Hydrogen also 

reacts with organically bound chlorine to produce hydrogen chloride (HCl).   In 

fact, during the waste combustion process the rupture of the polymer chain, 

resulting in the release of chlorine in the form of HCl gas. Even in the absence of 

polymers including chloride in their structure, due to other sources such as 

household chlorine in the waste, combustion will always produce gaseous HCl 

that must be destroyed prior to the release into the atmosphere. 

 

 To control these acidic gases, a combination of spray dryer absorbers and dry-

lime injection systems are used for acid gas (HCl) removal. Dry powdered 

activated carbon injection systems provide dioxin and furan and mercury removal. 

This is usually introduced at the pollution control system (PCS). 

 

The chemical definition of a heavy metal is a chemical element with a specific 

gravity that is at least 5 times the specific gravity of water. Examples of heavy 

metals include cadmium, chromium, lead, mercury, nickel, zinc and many more.  

The concentration of metals in the waste feed, specific physical and chemical 

composition of the metals in the feed, combustion temperatures, and the 

performance of the air pollution control device.   

 

Many metals, such as silver, chromium, lead, and zinc are used in metallic 

surface coatings, galvanizing and solders. Plastic objects contain metallic 

compounds (particularly cadmium) as stabilizers and other additives [63]. 
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Other metals such as cadmium, chromium, and lead are also found in inks and 

paints, while the major source of mercury, nickel and cadmium is the batteries.   

 

The impact on human health needs to be monitored and assessed and studies 

have shown that with careful environmental management processes do not 

adversely impact on human populations living in the proximity of WTE plant [64].   

 

To control the heavy metals the exhaust gas is passed through carbon filtration 

process and the fly ash is trapped in the pollution control system which acts as a 

condenser and traps the heavy metals, prior to emission of flue gas into the 

atmosphere[64]. 

 

Dioxins and Furans 
Dioxins and furans are a group of highly toxic chemical compounds that are 

harmful to health. Chemically known as polychlorinated dibenzodioxins (PCDDs) 

and dibenzofurans (PCDFs) as shown in Figure 19 [65]. They can cause 

problems with reproduction, development, and the immune system. They can 

also disrupt hormones and lead to cancer. Known as persistent environmental 

pollutants (POPs), dioxins can remain in the environment for many years as 

shown in Figure 20 [66]. 

 
Figure 19 - Example of dioxin molecule 
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Figure 20 - Impact of dioxins 

 

Oxygen deficiency can lead to the incompletely burn of waste, while oxygen 

excess can promote the formation of PCDD/F [67]. In addition, considering the 

different components of waste, it is ideal to pre-treatment or to mix the waste with 

fuel.  During the incineration process, the most important factors are known as 

"3T" which stands for temperature, residence time and turbulence. It is generally 

agreed that combustion temperatures of 850°C and a gas residence time of 2 s 

or 1000°C and a gas residence time of 1 s are necessary for destruction.  Creating 

turbulence in the combustion chamber is also needed to further mix air and fuel 

and the recommended turbulence Reynolds number is over 10,000.    

 

In order to reduce the formation of PCDD/Fs, it is needed to reduce the residence 

time of the exhaust gases in the post-combustion region, or make the 

temperature of exhaust gases in the post combustion decrease quickly to below 

260°C.  To reduce the emission of dioxin through the exhaust gas, activated 

carbon adsorption is a convenient and simple technology, but there are still some 

problems.  Firstly, activated carbon needs to be injected into cooled exhaust 

gases to prevent the de novo synthesis. De nova synthesis is defined as a 

chemical process by which complex molecules are formed from simple molecules 

created during the combustion process.  Secondly, this process consumes a 
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large amount of activated carbon. To solve this problem, a system combined with 

a double-bag filter system can be used to capture the fly ash which helps to hold 

the dioxins and prevent them being emitted into the atmosphere. 

 

The furan compound is formed into a ring of chemicals with four carbon atoms 

and one oxygen as shown in Figure 21[68].  

 

 

 
Figure 21 - Furan molecule  

 

Methods for reduction of dioxins & furans 

Research indicates that the most important method to control dioxins is to ensure 

that there is full and complete combustion.  At the initial stages, high levels of CO 

and unburnt organic carbon and low concentrations of oxygen contributes 

significantly to the formation of dioxins.  The combustion process should ideally 

have 3-6% of excess oxygen to ensure the CO is minimised and that full 

combustion is achieved.  The second method is to ensure that there are efficient 

heat exchangers which allows the combustion gases to be quenched and reduce 

the formation of dioxins which form at 300-350°C.   

 

Introduce active carbon to filters to scrub the hot gases and remove the dioxins 

from the exhaust gases.  Whilst is generally agreed that the production of dioxins 

and furans are a inherent by product of the incineration system which will always 

release emissions into the atmosphere. However, a combination of the above 

mention methods balanced together - will work to ensure that the dioxins are 
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reduced as much as practically possible and conform to recognised emission 

standards [67]. 

 

2.16  Other technologies for energy from waste  

 

There are several other technologies which are used for converting energy from 

waste and fall into toe two board categories i.e.  thermal and non-thermal 

processes. 

 

The first category is using thermal process relies on raising the temperature to 

approximately 700°C of the waste to a point where its starts to decompose and 

release addition heat as well as gasses.  The gasification process is a 

thermochemical process which converts organic and carbon-based materials into 

gases known as Syngas (synthetic gas) i.e., CO, H2, CO2 and CH4. Air or steam 

is used as a gasifier agent to create the syngas, which is then captured, stored 

or used to drive to a turbine or internal combustion engine and in turn drive an 

electrical generator.[69]. 

 

Another example the thermal decomposition of waste at elevated temperatures 

in the absence of oxygen which then decompose into combustible gases. The 

thermal processing of waste in a reactor breaks down the composites in the waste 

– particularly plastics and produces liquid oil as well as synthetic gas which can 

be used as  alternative fuel sources[70]. 

 

Thermal depolymerization is similar to pyrolysis where the waste is subjected to 

high temperatures and pressures in the presence of waster which initiates 

hydrous pyrolysis – which mimics the natural geographic process which is 

thought to create fossil fuels. The process takes a short time (a few hours) 

compared to the natural process which creates the current fossil fuels [71].   

 

Under the non-thermal process are examples of adiabatic digesters which use 

chemical decomposition to waste into a biogas , which is then  used to drive 
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mechanical engines and generate electrical power or that gas can be used to 

heat air [72]. 

 

This section is just a small example of other forms of waste destruction and the 

generation of energy from waste and is not designed to be exhaustive. 
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3 METHODOLOGY 

This section outlines the methodology used for the research and includes details 

of the approaches which are focused on obtaining the data and associated results 

to provide a comprehensive insight into determining the conclusions and a 

number of there are description of a number of methods which have been 

employed to carry out the research.    

 

The research problem was identified whether there is technical viability for the 

development of a small waste to energy plant (WTE) which would not only 

incinerate a range of waste fuels used as a primary fuel source but convert the 

energy released from the combustion process into useable energy in the form of 

electricity or heat or a combination of both.  The type of data collected to support 

the research was quantitative and collected by the researcher over a period of 

three years through design, production and testing of a incinerator and upscaling 

the findings into the manufacture of a lager system. 

3.1 Instrumentation 

This section lists out the specific instruments used and the technical detail of each 

instruments. This is to support the reader understand the technical capability of 

the instrument and give an insight to support the data found in the body of the 

thesis.  The thermal image camera shown Figure 22 was used to take the images 

of the MB1 incinerator (Appendix 1). The use of the camera was used at varying 
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distances and the function of the system allows for the capture of data shown as 

spot temperatures and general images which show the range scale of, he of 

temperatures measured in each image. The reason for the use of this camera 

was to ensure that data could be collected and analysed at a safe distance and 

comparison drawn. 

 

 
Figure 22 - FLIR - B250 thermal imaging camera 

 
The reason for the use of the thermal image camera is supported by the 

specification outlined in Appendix 1- Specification for thermal imaging camera. 

The camera is portable and easy to record images and associated data. The main 

advantage is that it allows for spot data to be collected from any surface along 

with a thermal range of a given subject.   

 

The emissivity is automatically calibrated and corrected within the function of the 

camera as well as having the temperature range required for the research.  Any 

reading which was outside the in the capture range of the thermal image camera 

(-20°C - +120°C) were recorded by the handheld thermometer shown in Figure 

23. 
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The hand held themomter was used to take intantanous temptrayure readings of 

the surfaces of the primary  chamber , secondary chamber - the insulated part of 

the chimney stack and the non - insulated part of the chimney stack.  The method 

employed was to maintain a constant distance approximately 1.5 meters away 

from the surfaces to be measured for the primary and secondary chamber and 

stay in one place on the ground with a consistent angle to measure the 

temperature of the different parts of the chimney stack.   

 

The thermometer has a laser pointer which shows the point at which the 

temperature is being taken and at the rear of the device is an LCD display which 

gives the reading once the trigger is pressed and released.  The reading from the 

device were entered into a spread sheet uber 15-minute intervals to build up a 

temperature profile of the MB1 during start up and normal operation of burning 

waste fuel. 

  

 
Figure 23 – FLUKE 62 IR mini-infrared thermometer 

 
The specifications for the FLUKE 62 are set out in Appendix 2- FLUKE IR 

thermometer shows the performance characteristics for the device and support 

the reason why it was chosen as an instrument to measure.  The advantage of 
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using this was that it is lightweight and accurate with a small margin of error of 

+/- 1°C.  The range of the temperature measurement also falls in the range of 

what is being tested and as the range is between -30°C to +500°C.  As the surface 

of the sections being measured falls into emissivity (Ɛ) of 0.95 this was an ideal 

tool to is for taking thermal measurements from a safe distance  

 
The schematic in Figure 24 show the points where temperature readings were 

taken were the black cross illustrated the non-insulated section of the stack, the 

red cross illustrated the insulated section of the stack, the blue cross indicated 

the secondary chamber, and the orange cross indicated the position of the 

position where the temperature reading was taken for the primary chamber. 

 

The all the surfaces of the MB1 were painted in dark grey mat finish temperature 

resistant paint to ensure that thermal emissivity was as close to 1.0 as possible. 

In this case it was 0.95 
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Figure 24 – Locations where temperature readings were taken 

 

The thermocouples (temperature probes) shown in Figure 25 monitor the 

temperature inside the primary and secondary chambers of the incinerator.  It is 

essential that these works properly to ensure correct operation.  

 

Failure to maintain the thermocouples can lead to overheating and damage to 

the equipment.  The wires from the thermocouples are connected electrically to 

the control panel which in turn give a reading on the internal temperatures within 

the primary and secondary chambers respectively.  
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Figure 25 Thermocouples 

 
The dimensions of the thermocouple are set out in Thermocouple where the head 

of the couple has a height of 100mm and a dome cap diameter of 82mm and 

housing length of 116mm. The head protrudes out of the chambers and the probe 

is inserted into the chamber’s length is 300mm.  The assembly is held in place 

tapped female screw threads which is locked into place by a male screw thread 

on the body of the probe and locked into position with a retaining nut.   

 

The thermocouples are fitted to the primary and secondary chambers at a single 

location within each chamber. The location of the thermocouple took into account 

and was not impacted directly by the burners and give erroneous readings. The 

thermocouples were supplied by RS Electronics.  There are several other 

methods employed in the research and are listed to illustrate how each was used 

and how it links to the development of the research and reasons for the approach 

and why it was the favoured method.  As this research is based in industry, the 

first method used was that of observational and fact finding visit with a potential 
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commercial partner to observe and record at first hand an existing EFW plant in 

operation and understand how the main components worked and the general lay 

out of the plant.    

 

This was carried out as part of a case study section 7.1.  There were two methods 

employed in this process. The first method was to use MS Excel as part of the 

Microsoft Windows 10 suite of software system.  Data was entered into the 

spread sheet and associated tables and graphs were produced as shown in this 

thesis.  The other system used was modelling using the ANSYS software 

computation modelling focused the primary and secondary chambers of the 

moving grate system allows to understand the temperature gradients, particle 

movement and gas retention.  The information is then compared to the technical 

requirement of combustion gas compliance set out by the Environment Agency. 

3.2 Operation of the incinerator 

 

This section outlines the method used to enable the reader to understand the 

processes used to ensure safe operation of the system and loading the waste in 

the primary chamber. 

 

Before starting the incinerator 
The following checks were made each time you return to the machine after 

leaving it for any period of time.  We advise you also to stop the machine 

occasionally during long work sessions and do the checks again. 

Check for Cleanliness 
Clean the unit body, control panel, hinges and clamps. 

Remove dirt and debris, especially from around the lid, fire rope seal and inside 

the primary chamber (only when cool). 

Remove thermocouples from their ports, clean and reinsert ensuring they do not 

go too far into the machine. 

Remove and clean the burner head and photocell regularly. 

Check for Damage 
Inspect the machine generally for damaged and missing parts. 
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Make sure that the lid and ash doors are secure and in good condition. 

Ensure all nuts and bolts are tight. 

Check the control panel, thermocouple and burner wiring is secure and not 

damaged or split. 

Check the fuel piping, coupling, filter and tanks for damage or leaks.  Ensure 

enough fuel is present for the burn. 

Start up and temperature stabilization 

The start-up of the incinerator 

During operation  

Equipment required: 
Protective gloves, apron, face visor and mask 

Please use vacuum ash removal system where available 

In the absence of vacuum system use: 

Ash rake on long handle 

Metal shovel/metal trowel 

Metal bucket/waste sack 

 

The operators were issued with personal protective equipment due to loading and 

handling of waste into the primary chamber and the high temperatures involved 

with the process.  Each operator was issued with gloves, face shield, flame 

retardant sleeves over sleeves and aprons or boiler suits.  This ensure that health 

and safer regulation were complied with at all points of the operation.  Prepare 

your waste into a small batch which will fill the primary chamber no more than 

halfway, ideally around 1/3rd full.   

 

Suggested loading waste in cardboard boxes or paper sacks.  This helped to 

standardize each load in terms of its mass and volume and ensures one full load 

is introduced to the incinerator as quickly as possible and minimizes the time the 

incinerator lid is opened. 
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3.3 Recording of data 

The recording of data was carried out via two methods.  

The first method was measuring parameters for the MB1 at 15-minute intervals 

for temperature of the primary chamber internal temperature measured from the 

control panel, primary chamber external using the handheld thermometer.  The 

secondary chamber internal temperature is measured from the control panel 

display and the secondary chamber external temperature is measured using the 

handheld thermometer.   

 

The measurement of the chimney stack external temperatures was measured 

using the handheld thermometer and temperature reading are taken from the 

upper section of the stack with no insulation and the lower part of the stack with 

insulation.  In all cases for consistency when using the handheld thermometer, 

the distance to measure the external surface temperatures was kept constant.  

All these checks concern the serviceability of the machine.  Some concern safety.  

Get your service engineer to check and correct any defects.   

 

Also, to better understand various components worked together, details of the 

technology used and determine whether there are any technical issues which 

could be analysed and explored to understand the process and technique used 

for efficient combustion of waste to generate other forms of energy.   

 

The advantage of this method that it allowed first-hand experience of learning 

from a working WTE plant and ensure that any questions arising from the visits 

could be answered from the plant operators and the suppliers and manufacturers 

of component parts.  In this case the tour was organised by TRIOGEN – who 

manufacture and install organic Rankine cycle (ORC) generators which use 

exhaust gases from the combustion process via a heat exchanger to generate 

electricity.   
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The challenge for this method was that the visit was to the Netherlands and was 

not feasible to visit the site again due to physical, cost and time constraints.  The 

finding from the visit gave an insight into the design and manufacture of 

incinerator systems which could be used to generate energy from waste as 

discussed in section 7.1. The next method is to carry out desk top research and 

calculate the parameters of using combustion to generate energy from waste and 

determine the performance associated with burning differing waste fuel sources 

and build a prototype system where different waste fuel sources can be 

incinerated, and measurements can be taken to understand the burn rates and 

the energy released.   

 

There is also the option to investigate the performance of insulation materials and 

the impact that they can have on the combustion efficiency of the primary 

chamber incinerator.  Once these findings from the prototype were understood 

then the process of upscaling into a design which could be used as a small-scale 

viable energy from waste plant.  The next method was to design and test a 

prototype incineration system which could be used to burn a range of waste fuels 

and determine the efficiency of combustion in the primary and retention of gases 

in the secondary chamber.   

 

The manufacture and the testing will allow the validation of the calculated results 

vs modelling.  This section sets out the calculations suing MS Excel and the 

assumption of performance gassed on the calculated values and determine 

whether the results from the tests match the assumptions made at the start of the 

design and build process.  The data and findings from the visits and the test data 

for the small-scale incinerator are then applied into the manufacture and testing 

of a much larger system to determine whether the overall design of the system 

for an energy from waste plant has increased the capacity and determine how 

much energy can be released from the incineration of waste to support the 

integration of an energy from waste system and determine the number of options 

which can be explored to create a CHP power plant. 
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4 RESULTS  

This chapter introduces the results which were gathered as a part of this study 

and explains the how the design manufacture and testing the prototype multi 

burner 1(MB1) along with details of the performance and the finding then applied 

to the larger Moving Grate System. 

The section explains in turn the two models and describes the system design and 

the system testing regime for each model. 

4.1 Compliance requirements  

Based on the literature of waste to energy systems and the associated guidance 

for SWIP systems from the Environment Agency[8], both the  incinerator systems 

designs have to be able to reach and maintain temperatures of 850°C for general 

waste and up to 1100°C for medical waste combustion gasses must be 

maintained in the secondary chamber for a minimum of 2 seconds at 850°C for 

general waste and a minimum of 1 second at 1000°C for medical waste. 

 

Both systems have to ensure that the stochiometric rate will need to be varied to 

ensure that operating system will maintain the oxygen flow rate compatible with 

the waste fuel which is being incinerated and ensure that the mass flow balance 

is maintained for efficient burn rates without the need to additional fuels to 

maintain internal chamber temperatures.  
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Existing designs of very small incinerators do not incorporate auxiliary ambient 

air inlets which are and the ones that do – only have a single burner to raise the 

temperatures of the primary and secondary chamber with a reliance on the 

burners then to supply air in the primary chamber to maintain the stochiometric 

ratio.   

 

This is not the function of the burners – as they are designed to supply air to burn 

the fossil fuel efficiently and not have a secondary use of supplying air to the 

varying waste materials in the primary chamber – this is the limitations of the 

current design of the incinerators[73] [74] . 

 

 In addition to this, all the manufacturers rely on having a single burner with no 

redundancy in the system and the placement of the burners are not angled and 

focused on creating a core temperature in the primary chamber targeting where 

the waste would be placed in the chamber. 

4.2 Longevity of materials and operations 

To ensure that the machine can function in normal operation and the client has 

the reassurance that the materials used, and associated components are 

sourced and tested in a manner to satisfy the operator of a quality product which 

is thoroughly tested and is supported by the appropriate guarantees and 

warranted. 

4.3 Operating costs 

The design of the system needs to be able to demonstrate to the client is likely 

operating costs in normal operating conditional giving an indicative insight to 

enable the client to give reasonable predicted performance modelling to 

determine the cost benefit analysis and also the ensure that the performance of 

the system will contribute to energy efficiency 
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4.4 End of life product waste management strategy 

The design must incorporate the details of the materials used in the manufacturer 

of the machine as well as the process of recycling the components with minimum 

impact on the environment when it reaches end of its working life.  Majority of the 

component parts are made of steel casing with brick and motor internal lining.  

The metal can be salvaged and recycled, and the internal lining can be separated 

and made into hard core.   

 

The remaining insulation board and lining can also be incorporated into other infill 

uses related to the building and construction trades. 

The remaining components i.e., the burners, control panels, electrical cabling, 

fuel piping etc are relatively small in mass where above 95% of when can be 

recycled as majority of it is comprised of metals components and the remining 

plastics can be recycled. 
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5 DESIGN BRIEF FOR SMALL SCALE TEST BED (MB1) 

The results section outlines the work done to develop a prototype MB1 and the 

associated results and design issues during the manufacturing and testing 

process. 

5.1 Design specification 

The design of the machine is illustrated in the Figure 26 which sets out the  main 

components of the system and Figure 27,Figure 28 and Figure 29 sets out the 

external dimensioned drawings from front view, side view and plan view 

respectively.  The primary chamber has a robust design which allow the safe 

lifting of the lid to introduce waste in a manner which is safe and reliable for the 

normal operation of the machine.  

 

The primary chamber has two burners which are rated to ensure that there is 

sufficient energy to raise the operating temperature to maintain or exceed 850°C. 

The angle of the burners is precisely calculated to unsure the core of the 

incinerator generates sufficient thermal energy to focus on the waste being 

incinerated and maximise efficiency.   

 

There is also an additional variable speed fan which supports the combustion 

process by supplying ambient air directly to the base of the waste fuel to ensure 
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that sufficient oxygen is always supplied for efficient burning and allow variance 

to offset the variation in the constancy of the waste fuel itself.  

There is also a thermocouple installed into the lid of the chamber to monitor 

temperatures.   

 

The stack is lined and supported to ensure that waste gases are expelled in a 

safe and compliant manner.  The modular design can vary the height dependent 

on the client installation requirements and local permitting constraints.  The 

secondary chamber is designed to ensure minimum of 2 second gas retention 

and has additional support burner – to support temperature maintenance.  

5.2 MB1 System Design   

The final design of the incinerator prior to manufacture is shown in Figure 26. 

Section 1 shows the primary chamber with the associated burner mounts position 

at the front of the machine and with a FD fan to the side.  

 

The design is based on a skid mount for easy of lifting for transporting into 

containers or trucks. Section 2 shows the stack pieces each with an individual 

length of 1000mm. additional pieces can be added or subtracted dependent upon 

the final application and installation requirements.  Section 3 is the secondary 

chamber where the gases exiting from the primary chamber are held for minimum 

of two seconds at 850°C. The two sections i.e., the primary chamber and the 

secondary chamber are connected by a length of 250mm x 600mm diameter 

thermally insulated pipe. 
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Figure 26 - Three-dimension schematic view 

 
Having taken into account the calculation for the burner specification, thermal 

lining the introduction of combustible air, the requirements of the two second 

retention and the need to load waste materials the design of the incinerator 

system is outlined in Figure 27. In this drawing the front of the incinerator can be 

seen.  

 

The primary chamber has a width of 1878mm, and two mounting can be seen 

where the burner will be mounted. The angle of the mounting positions is focused 

on where the waste fuel is likely to be place at the centre of the primary 

combustion chamber.   

 

On the far right of the primary chamber is the mounting position of the FD fan 

which introduces ambient air into the combustion chamber. On the top of the 

primary chamber is the lid which is lifted to place the waste fuel within the 

chamber and then locked into position.  
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To the left of the primary chamber is the transitional connector and the secondary 

chamber which measures 1217mm width and 1937 mm height, above the 

secondary chamber is the exhaust stack measuring 5937mm from the base of 

the secondary chamber to the top of the stack. 

 

 
Figure 27 - Front view MB1 design 

 
In Figure 28 the side elevation shows the position of the cantilever mechanism 

which support the lifting of the lid to enable waste fuel to be introduced into the 

primary chamber. It also shows the stack height of 4000mm from the top of the 

secondary chamber to the top of the stack.  The width of the primary chamber is 

1791mm and the total width of the primary chamber considering the mounts for 

the burners and the cantilever mechanism is 2719mm. 
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Figure 28 - Side view MB1 design 

 

In Figure 296 the plan view shows the relationship of the primary chamber and 

the secondary chamber and shows that the positioning of the stack is in the centre 

of the secondary chamber. It also shows that motor for the FD fan is set to the 

right of the primary chamber. 
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Figure 29 - Plan view MB1 design 

 

5.3 Research calculations 

The research consists of developing a materials list for the incinerator and 

developing the projected performance based on calculations which will be 

validated through operation monitoring.  The calculation for the incineration of 

waste is based on having ambient temperature of 20°C and ambient atmospheric 

pressure of 1013mb.  

 

The air density is assumed to be 1.225 kg/m³.  The rating of the burners is crucial 

to determine whether the initial temperature can be achieved and sustained to 

allow for the full combustion of the waste. The temperature requirement is to 

ensure the burners required to are the internal temperature of the primary 

chamber has enough energy to allow for the full combustion of the waste fuel and 

to ensure that the energy from the primary chamber also contributes significantly 

to the maintenance of temperatures in the secondary chamber.  

 

The calculations are broken down into distinct areas to support the theoretical 

operation of the which is set around gas retention time (gas residence), 

temperature, turbulence. 
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5.4 Gas retention time 

The requirement for the design is set around ensuring that the gas retention within 

the secondary chamber maintains a retention of a minimum of 2 seconds whilst 

maintaining a temperature of 850°C.  Mass flow rate of air is = stochiometric air 

fuel ratio X mass flow rate of fuel = 14X 0.0245 = 0.034kg/s.  Volume flow rate of 

air is = mass flow rate of air/density of air = 0.034/1.22 = 0.28m3/s (minimum air) 

actual air allowing 15% excess air: 0.032m3/s.  The gas retention times are set 

out in Equation 1. 

 

Equation 1 - Retention time 

𝑡 =
𝑉

�̇�
 

 

𝒕 = retention time 

𝑽 =volume of secondary chamber 

�̇�= Volumetric flow rate 

The volumetric flow rate is based upon the stochiometric of the fuel being burnt 

in the incinerators primary chamber.  The inlet air measured as volumetric flow 

rate for different burn rates has been calculated for the given secondary chamber 

volume of 0.75m3.  

 

Therefore, allowing for the primary chamber’s variance of differing waste fuel 

types secondary chamber the table below sets out the theoretical performance 

data at the nominal burn rates allowing for 1/3 of the primary chamber volumetric 

capacity.  As shown in Figure 30 and Figure 31 the gas retention within the 

secondary chamber at the maximum throughput remains within the 2 second 

retention times based on the loading capacity of the primary chamber. It also 

demonstrates that the gas retention times below the maximum through put are 

well within the margin for acceptance to ensure complete combustion and 

minimising air pollution.  
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Table 5 - Maximum throughput of waste streams 

Waste 
fuel 

Inlet 
air 
M3/s 

Mass 
kg/s 

Primary 
chamber 
volume 
m3 

Secondary 
chamber 
volume 
M3 

Temperature 
Retention 
time (s) 

RDF @ 

130kg/hr 
0.35 0.43 1.3 0.75 850 2.1 

Clinical 

waste @ 

106kg/hr 

0.27 0.33 1.3 0.75 850 2.7 

Animal 

waste @ 

52kg/hr 

0.13 0.16 1.3 0.75 850 5.7 

 

 
Figure 30- Calculated gas retention times with maximum through put 
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Table 6 - Nominal throughput of waste streams 

Waste 
fuel 

Inlet 
air 

M3/s 

Mass 
kg/s 

Primary 
chamber 
volume 

m3 

Secondary 
chamber 
volume 

M3 

Temperature 
Retention 
time (s) 

RDF @ 

50 kg/hr 
0.12 0.43 1.3 0.75 850 6 

Clinical 

waste 

@ 

106kg/hr 

0.19 0.33 1.3 0.75 850 4 

Animal 

waste 

@ 

30kg/hr 

0.08 0.16 1.3 0.75 850 10 

 
 

 
Figure 31 - Calculated gas retention times with nominal throughput 
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5.5 Modelling 

This section illustrated the methods used for modelling the proposed system and 

to understand the parameter of performance in theory before the practical start 

of the design and build of the system incinerator.  In this case, the need to develop 

a system which would give the temperature, retention time and turbulence 

characteristics to satisfy the requirements of the waste incineration directive 

(WID) was developed as part of the proof of concept in the initial design and 

testing of the MB1 incinerator.  This small-scale incinerator was developed with 

the aim of ensuring that there was a validation process associated with the testing 

and comparison of the actual data which was gathered during the research phase 

of the system.   

 

The design of the test bed was based on assumption for allowing the burning of 

different waste streams which included refuse derived fuels, clinical waste and 

animal waste.  The rational was to investigate, observe and record the 

performance of the machine and determine the burn rates for three differing 

waste streams and determine whether a small scale multi fuel machine which can 

be developed and which can be used in future application as energy from waste 

system which the capacity to be used in differing waste processing environments.   

 

The main issues  considered were the volume of the primary chamber and its 

capacity to take the waste fuel, the volume of the secondary chamber to ensure 

that the gas retention within the secondary would remain for a minimum of 2 

seconds, the lining in the primary chamber has sufficient thermal lining efficiency  

to maintain the internal temperatures of both primary and secondary chambers 

to ensure full combustion of the waste and the retention gases at 850°C for 2 

seconds in the secondary chamber and also ensure that the initial fossil fuel burnt 

to heat and maintain the temperatures within the primary chamber and the 

secondary chambers was minimised and thereby  reducing the overall long-term 

operating costs of the machine. 
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5.6 Design parameters of MB1 test bed. 

The design of the MB1 test incinerator was based on the following technical 

criteria and limitations. That the primary chamber with take waste fuel up to the 

capacity of one third of its internal volume size.  This was to ensure that the 

combustion air has the capacity to reach the waste fuel and aid the combustion 

process. By overfilling the primary chamber, it would suffocate the air supply and 

reduce the combustion process.   

 

Both primary and secondary chambers are lined with thermal efficient materials 

to maintain internal temperatures.  The three main areas as part of the testing 

process was determined by the need to ensure that the following criteria for 

combustion was met i.e.  The retention of the gas temperature for all waste types 

to be retained for a minimum of 850°C at two seconds and determine the 

optimised calculated burn rate associated whilst meeting these constraints of 

having a fixed volume of 1.3m3 in the primary chamber and 0.75m3 in the 

secondary chamber.  

 

Calculation and assumptions for MB1.  This section sets out the original 

calculations and assumption to support the design of the MB1 prior to production 

of the prototype. The list is set out in a manner which ensures that no element 

has been overlooked and is justifiable though out the internal technical scrutiny 

process. 

5.7 Combustion rates 

The process was set around the fixed constraints of the primary chamber on 

1.3m3 and 0.75m3 in the secondary.  The stochiometric rate was based on the 

component parts associated with RDF and was calculated at a theoretical 8.5m3 

per second, however this was increased by 20% excess air to allow for sufficient 

excess air.  In addition to this it is assumed that the volume placed into the primary 
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chamber will be limited to a maximum of one third of the total internal volume of 

the chamber.  For effective combustion to take place a balance of oxygen, fuel 

and temperature needs to be establish for combustion to start and be maintained.  

Any variation to this has an impact on the rate of combustion within the primary 

chamber. 

5.8 Stochiometric rate  

The rate of fuel to air ratio was established for a common RDF as a starting point 

to determine what the airflow rate required to effectively combust 1kg of waste as 

shown in Table 7 - Stochiometric for refuse derived fuel.   

 

The table shows the breakdown of the elements contained with an average 

analysis of RDF waste at a percentage the of its mass. Carbon content is 

represented by 73% of the total mass of 1 kg and the associated oxygen required 

to burn this is 1.95kg of oxygen. Hydrogen content is represented by 4.5% of the 

1 kg RDF and requires 0.301kg or oxygen to burn. Oxygen and Nitrogen are 

ignored as oxygen itself does not burn and nitrogen is inert and has no reaction 

and does not combust.  

 

The sulphur content is represented by 5% of the total 1kg of RDF and requires 

0.05 kg of oxygen to fully combust.  Whilst water content is represented by 2.1% 

and ash by 8% of the total 1kg of RDF waste, no oxygen is apportioned to these 

constituent parts as water is not combustible and only turns into steam and 

releases into the atmosphere when heated and the ash is remnants of combusted 

materials.   

 

The information contained in the table is indicative of the contents assumed to be 

in RDF and does not represent a consistent mix of the elements contained in a 

specific batch at this is not a standardised fuel source. The variation of the 

contents can change on a seasonal or geographic region and can be impacted 

by environmental factors such as humidity. 
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Table 7 - Stochiometric for refuse derived fuel 
Refuse derived 

fuel 
1 kg 

Percentage content 
 

Required oxygen (kg) for 
combustion 

Carbon 73 1.95 

Hydrogen 4.5 0.301 

Oxygen 5.9  

Nitrogen 1.5  

Sulphur 5 0.05 

Water 2.1  

Ash 8  

Total 100 2.301 

 

5.9 Burner specifications 

The burner specifications were determined by the need for having sufficient 

power to raise the temperature within the primary chamber to maintain ignition of 

the waste fuel and in the secondary chamber to ensure that there was sufficient 

temperature within the secondary chamber to maintain 850°C for the combustion 

gases and held there for a minimum of two seconds to support complete 

combustion.  To meet the design temperature criteria the energy introduced into 

the primacy chamber has to reach and maintain a temperature of a minimum of 

850°C for the incinerator to be compliant for general waste disposal.  The 

Equation 2 below sets out the minimum energy requited to heat the primary 

chamber to operating temperature. 

 

Equation 2 - Energy 
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𝑸 = 𝒎𝑪𝒗∆𝑻 
𝑸 = Energy 

𝒎 = Mass 

𝑪𝒗 – Heat capacity of the material 

∆𝑻 = Temperature difference 

Energy is the amount requited to raise the temperature in the primary chamber 

from ambient of 20°C to operating temperature of 850°C i.e. a ∆𝑻 𝒐𝒇 𝟖𝟑𝟎°𝑪 

Allowing for 1.5m3 for the primary chamber volume air is 1.8 kg: 

Mass of air=𝝆𝑽 = 1.225 X1.5 = approx. 1.8kg . 
Assuming specific heat capacity at constant volume - Cv of air = 0.718kJ/kgK 

Assuming specific heat capacity of concrete C = 880J/kgK 

The internal temperature of the primary chamber has to achieve 850°C in line 

with the  

Air Q(a) =1.8x0.718x830 = 1090kJ approx. = 1.1MJ 

Concrete Q(c) = 1061X880X830 = 775.55MJ  

3.6 MJ = 1kWhr 

Therefore 1.1MJ = 0.3kWh (air) 

775.55/3.6 = 215.43 kWh (concrete) 

Total = air + concrete = 216kWh 

 

To heat up to operating temperature in 2hrs (7200s) the power for the burner 

must be rated at no less than (1.1MJ +775.55MJ)/7200 = 107.9kW approx. 

108kW.  Mass flow rate of fuel = power/Cv of fuel = 108kW/44000kJ/kg = 

0.00245kg/s.  The design of the primary chamber has placed two of the following 

burners which will give a minimum to 120kW – 260kW power to support the 

combustion process and maintained temperature for a varied assortment of 

waste fuel sources. The Max 12burner was selected as shown in  Figure 32 was 

selected for the purpose of ensuring that it met the requirements of the incinerator 

function.  The figure shows the red cover over the workings of the burner and the 

black circular at the top of the image show the air intake. The silver cylindrical 

nozzle is the blast tube (which is inserted into the incinerator body) and the small 
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square black block shows the adjustment for fuel pressure and the volumetric 

flow rate. 

 
Figure 32 - Eco flam MAX12 60-130kW Burner 
 

In Figure 33 the associated dimensions set out  Table 8 - Max 12 burner 

dimensions (mm)are set out in millimetres which helps to design the apertures in 

the primary and secondary chambers and also the mounting designs which 

support the final placements of the items (Appendix 4).  

 
Figure 33 - Schematic of  Max 12 Burner 
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Details in Table 8 shows the detailed dimensions associated with the burner. 

Section A represents the overall width of the unit measure, B represents the with 

from the adjustment section n to the middle of the retention bolt, C represents the 

width measured from the air intake manifold to the centre retention bolt, D 

represents the insert length of the blast tube (this section will be facing the internal 

part of the primary and secondary chambers). Section E represents the length of 

the external part of the burner body as measured from the interface place to the 

back of the burner housing, F represent the diameter of the blast tube, G 

represents distance from the centre of the blast tube to the bottom of the burner, 

I represent widths of the location plate fixing studs and L represents height of the 

fixing studs. 

 

Table 8 - Max 12 burner dimensions (mm) 
A B C D D1 E F G I L M 
317 169 148 100 155 204 98 160 100/120 100/120 100/120 

 

This was considered during the drawing detailed drawing and design section of 

the project to ensure that fixing mounts were mounted correctly to the body of the 

primary chamber and secondary chambers respectively.  The design of the forced 

draft fan (FD fan) is based on obtaining an ambient air of 0.18m3 to 0.35m3 per 

second to allow for the meeting of the stochiometric ratio to enable combustion 

of the waste fuels.  The variation of the fan was to ensure that as the waste is 

varied in its density and variety i.e. RDF, Clinical and animal, the air can be 

managed in a controlled manner. As the fan is introducing up to 0.35m3 per 

second at 500pa to overcome any static pressure in the system – the model 

chosen was a U/HC162 operating at 2900 rpm with a three phase 0.55 kw motor 

(Appendix 5).  This ensured that sufficient volume of air could be introduced into 

the primary chamber to support the combustion process for varied type of waste 

fuel. 
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Figure 34 - Techivent U/HC162 

5.10  Internal lining 

 

The internal lining chosen was based on several specifications as out lined in the 

previous chapter. The efficiency of the combustion of waste and the reduction of 

fuel fossil used by the burners to maintain the temperatures within the primary 

and secondary chambers relies on ensuring that the insulated employed in these 

chambers allows the heat to be retained within the walls of the machine.   

 

The choice of internal lining was fundamental to the performance of the machine. 

The lining chosen was a combination of materials which were specially chosen 

to reduce thermal loss to the atmosphere through the walls of the primary and 
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secondary chambers.  The wall layers from inside to out were made up of high 

alumina brick which was 225 mm thick at a density of 2500kg/m3 with ultra 1000 

CalSil at 75mm thick and density of 270kg/m3.  The total internal lining was 

designed to be 300mm in depth.  

 

 
Figure 35 – Secondary chamber internal lining 

5.11  Manufacture of test bed MB1 prototype 

The design of the MB1 was developed design computer aided design which set 

out the various external and internal dimensions which met with the original 

design specification. 

5.12  Materials and components 

The selection of the materials and components were determined by the 

compatibility towards meeting the original objectives of meeting the retention time, 

temperature and turbulence within the system which would allow for complete 

and efficient combustion. Consideration was also given to the performance under 
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test conditions and to better understand the longevity of the test machine and 

potential commercial viability. 

5.13  External construction and frame 

The external frame for both primary and secondary chambers was constructed 

out of 6mm steel sheet which was seam welded for and the external dimensions 

were constrained by having the machine placed into a shipping container for ease 

of transport Figure 36 shows the external of the primary chamber shell with the 

two square cut outs for the positioning of the burners in the primary and the 

circular cut out for the transition pipe into the secondary chamber.  

 

 
Figure 36 - Primary chamber under construction 

5.14  Manufacture 

The manufacture of the MB1 test incinerator was undertaken at Adament 

Refractory Setting ltd in Poulton Le Fylde.  The processed involved the metal 
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fabrication using 6mm thick steel sheet metal. The fabrication was based on the 

assembly drawings using CAD software. The manufacture of the primary 

chamber as shown in Figure 37 shows that the sheet metal has been seam 

welded and not bolted together. This ensures that high temperatures which are 

expected, and the mass of the waste fuel loads to be experienced in this part of 

the do not compromise the integrity of the structure itself.  Also, it ensures that no 

combustion gases can escape during operation. At the top of the figure, the 

circular aperture leads into the secondary chamber and the two square holes 

located at the left of the picture is where the primary chamber burners are 

mounted externally. 

 

The white material which forms the backing between the inner part of the steel 

shell of the primary chamber is TR 2000- SL structural block insultation. This is 

made from calcium silicate and re-enforced with cellulose fibres. The brick lining 

is made from alumina brick which has 43% aluminium oxide content and 50 % 

silica oxide (Appendix 6).  

 

The figure also shows the intrusion of the blast tubes which are angled at a point 

where the waste fuel will likely to be placed.  The angle and the focus of these 

tubes ensure that the core of the incinerator is where the thermal activity will take 

place.  It also allows for ambient air which will be supplied by the burners in the 

standby mode i.e., they are supplying air without burning fuel.   The standby mode 

ensures that the tubes themselves remain cool and avoid damage to the burner 

itself, through high temperatures passing back onto the burner housing. to 

concentrate on supporting the combustion process at the floor of the primary 

chamber.  
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Figure 37 - Primary chamber installation of lining 

 

The details in Figure 38 show the assembly and manufacture of the lid of the 

primary chamber and the associated handle and the frame on the top of the lid 

showing where the cantilever mechanism was installed during final assembly.  

 

The white fibrous insulation matting was packed into the volume created by the 

recess in the structure and around the edge of the circumference of the lid is the 

fiberglass fire rope – which creates a seal and ensures that gases are not 

released from the primary chamber or any flames during operation.   

 

 

 
Figure 38 - Thermal lining inserted in the lid section 
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The details in Figure 39 show the external view of the secondary chamber and 

the details of the bolts on the external which are used to compress and hold the 

internal fibre boards to the inner surface of the steel structure. Also, the lower 

circular aperture is the inlet to the secondary chamber and will be bolted to the 

exits from the primary chamber.  

 

The secondary chamber sits in a frame off the floor, this allows for the ease of 

transport and ensures that there is minimum thermal conduction from the 

secondary chamber to the surroundings. Also, the lower square mounting point 

is for the placement of the secondary burner. 

 

 
Figure 39 - External of secondary chamber 
 

In Figure 40 the top the secondary chamber is shown and the exit port where the 

chimney stack would be attached. The white fibre insulation is shown installed 

into the inner circumference of the exit port and also shows the flange which will 

mate to the stack in the final installation with the associated slots to the nuts-and-

bolts fasteners to go through.  
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Figure 40 - Top view of secondary chamber 

 

The details in Figure 41 shows the inlet into the secondary chamber and the base 

of the secondary chamber which shows the layers of the thermal brick used and 

also the fibre lining used in the walls of the chamber.  The inlet flange of the 

secondary chamber mates with the outlet of the primary chamber flange during 

the final assembly of the machine. 
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Figure 41 - Secondary chamber inlet from the primary   chamber 

 
The details shown Figure 41 also shows the assembler the dimensions for ensure 

the right level of insulation is installed at the appropriate areas during the 

manufacturing process.  
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In Figure 42 the primary chamber has the lid fitted to check for operations and 

any interference. Also, the runners for the cantilever are checked to ensure that 

they will accommodate the cantilever inserts and there are no obstructions.  The 

lid section is placed on mounts welded to the primary chamber and connected 

through two roller bearings which, when force is applied to the handle allow the 

lid to pivot backwards and open – aided by the counterweight at the rear of the 

machine. 

 

 
Figure 42 - Lid assembly fixed on to the primary chamber 

 
The manufacture if the stack was in 1000mm lengths which was manufactured 

from flat sheet which were rolled, then seam welded and flanges with bolt holes 

welded to both ends.  Figure 43 shows a finished section ready for paint and 

insertion of insulation lining. 
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Figure 43 - Stack section 
 

The paint that was used for the exterior finish of the test machine was a high 

temperature as manufactured by RUST-OLEUM and designed to withstand 

temperatures to 750°C. As this was a departure which is not envisaged that will 

be on the external surfaces – it was used as a basic protection against rust of the 

steel structure also to give is a sense of completion of the test bed. The paint was 

applied through an air brush process and two coats were applied on the primary 

and secondary chamber as well as the stack sections Figure 43. The same pipe 

section is used with the fibre insulation fitted to the inner circumference. The pipes 

section is painted with high temperature paint and ready for assembly on the test 

rig.   The operation of the whole system is managed by a control panel specifically 

built to test the performance of the MB1 incinerator system as shown Figure 44. 

The top row has displays from left to right show the temperature of the primary 

chamber, secondary chamber and a timer clock use for timing the operation.  The 

second row from the top shows the status lights, where first white light illuminates 

when the system is switched on to cool down mode. Moving on to the first yellow 

light indicates when burner one is locked out and is not operating in the primary 

chamber, second yellow light shows when burner two is locked out and is not 

operating in the primary chamber and third yellow light shows when burner one 

is locker out and is not operating in the secondary chamber. The final yellow light 

on the second row illuminates when temperatures fall below pre-set values and 

the there is a fault with the fan during the cool down period.  The third row  has a 
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set of switches where the first switch on the left is the main on/off switch, the 

second switch is for switching on the first burner ion the primary chamber and 

when activated a red light appears with in the switch itself , the third switch is for 

manually switching on the second burner in the primary chamber and when 

activated a red light appears with in the switch itself  and the third switch is for 

manually switching on the burner in the secondary chamber and when activated 

a red light appears with in the switch itself. The final fifth switch is for switching 

on the FD fan and when activated a green light appears with in the switch itself.  

The finally forth row has the first blue light for the software system light which 

flickers to indicate that the internal computer system is active – it turns to a steady 

blue light if the emergency button is activated. The main red button in the centre 

is the emergency stop button and the final dial swich allows the variation to the 

fan speed on the FD fan. 

 

 
Figure 44 - Control panel and proposed plate 

 
  



Chapter5 -Multi-Burner (MB1) 

  99 

 

 

5.15  Transport  

The manufacture and insertion of insulation line was carried out in Poulton Le 

Fylde and the finished products were placed onto a transported and sent 

delivered to Birmingham for assembly and testing. As can be seen in Figure 45 

the whole system was broken down into its component parts to ensure that it 

could be loaded safely, and the load spread evenly across the truck. This was 

done to ensure that the centre of gravity remain low during the transportation 

process and also ensured that the load met with the axel with limits of the truck 

and also allowed for each component to be strapped securely into place and 

control its movement.  By doing so it ensured that the machine would arrive at its 

destination without and damage and compliance with goods transportation and 

highway safety requirements. 

 

 
Figure 45 - Loading of primary, secondary chamber and chimney stack 

 

5.16  Assembly of the test incinerator MB1 

The component parts of the MB1 were assembled in the testing facility and as 

can be seen Figure 46. The primary chamber is placed alongside the secondary 

chamber and the chimney stack has yet to be unpacked.  This was done to ensure 



Chapter5 -Multi-Burner (MB1) 

  100 

 

that all the component parts had arrived safely and that nothing was damaged 

during the transportation process. It also allowed the opportunity to carry out final 

inspection before the components were fixed together.  

 

Otherwise, once the units are assembled and missing piece or defect will become 

difficult to rectify or install retrospectively without having to take apart the whole 

machine and thereby potentially damaging the machine and adding extra costs 

associated with labour and materials. 

 

 
Figure 46 - Partial assembly 

 

The component parts were transported to Birmingham and assembled on site as 

can be seen in Figure 46. The primary chamber has one of the two burners fitted 

and shows the braided fuel lines attached to the fuel aerator. The lines are also 

connected to a pressure gauge which measure the pressure of the fuel supply to 

the burner. 

 

The block connector supplies electrical energy required to switch on the burner, 

drive the induction fan to ensure sufficient ambient air is supplied to burn the fuel 

and also to ignite the fuel. bolted to the primary chamber. The cantilever is also 

fitted as well as the locking mechanisms to the lid of the primary chamber.  
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Figure 47- Burner mounted with power and fuel lines connected 

 

The system was assembled as can be seen in Figure 48. The chimney stack is 

in place and sealed on the top of the secondary chamber, the thermocouple and 

the burners have been placed in the body of the secondary chamber, the primary 

and secondary chambers are bolted together via a 250mm x 600mm diameter 

transitional pipe. The lid to the primary chamber is in places with the cantilever 

mechanism in place.   

 

The top of the primary chamber lid has a thermocouple to measure the 

temperature in the primary chamber and the locking handles for the lid of the 

primary chamber are also in place. At the front of the primary chamber   the two 

burners are installed and on the right of the primary chamber, the FD fan is 

mounted on a bracket to supply additional ambient air into the primary 

combustion chamber.   

 

The fuel supply lines to all three burners i.e., the two burners in the primary 

chamber and the single burner in the secondary chamber are connected via 

braided hoses and all the fuel pressure gauges are checked to ensure that there 
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is minimum fuel pressure for the burners to operate Figure 47. The electrical 

cables are all wired and checked to ensure electrical supply and connected to the 

control panel along with the thermocouples. 

 

 
Figure 48 - Final assembly, ready for testing 

5.17  MB1 Performance Measurements  

 

In line with obtaining extra data to substantiate the performance of the incinerator 

additional data was gathered to understand the performance of the incinerator 

from when it was cold all the way up to operating temperature. Once operating 

temperature was achieved the introduction of waste fuel was added to the primary 

chamber and the range of temperatures were recorded along with any 

fluctuations.  shows the systematic capture of temperatures at various parts of 

the machine using a handheld mini-infrared thermometer manufactured by 

FLUKE.    

 

The table shows the time across the top row measured across the day and 

displayed in a 24-hour format and the various components from where 

temperature reading was recorded under each time.  The first column in 

descending order lists the primary chamber internal temperature, secondary 

chamber internal temperature, upper stack no (no insulation) temperature, lower 
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stack (insulated) temperature, primary chamber external temperature and finally 

secondary chamber external temperature.   

 

All reading was taken at 15-minute intervals to build up a standardised method 

for understanding the rate of temperature increase.  The temperature readings 

were taken from the primary chamber reading were taken from the display on the 

control panel. The secondary chamber temperature reading was taken from the 

display on the control panels.   

 

The vertical red column highlighting the time 11:15 shows the point at which 40kg 

of animal waste was placed into the primary chamber.  The remaining 

temperatures were taken with the handheld thermometer. The  upper stack 

temperature without insulation is identified as point out as A on  Figure 24, the 

lower stack temperature was taken as point B as identified on  Figure 24, primary 

chamber external temperature was measured from point C as identified on Figure 

24and the secondary chamber was measured from point D as identified in Figure 

24.  The details set out in Table 9 and Table 10Table 9 - Data set 1 for cold start 

to operating temperature shows the systematic capture of temperatures at 

various parts of the machine using a handheld mini-infrared thermometer 

manufactured by FLUKE.   

 

The table shows the time across the top row and the various components from 

where temperature reading was taken.  The first column in descending order lists 

the primary chamber internal temperature, secondary chamber internal 

temperature, upper stack no (no insulation) temperature, lower stack (insulated) 

temperature, primary chamber external temperature and finally secondary 

chamber external temperature.  All reading was taken at 15-minute intervals to 

build up a standardised method for understanding the rate of temperature 

increase.   

 

The temperature readings were taken from the primary chamber reading were 

taken from the display on the control panel. The secondary chamber temperature 

reading was taken from the display on the control panels.  The column at 11:45 
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highlighted in orange signifies when 40kg of animal waste was placed into the 

primary chamber.  

 

The column at 12:05 highlighted in orang signifies when 80kg of animal waste 

was placed into the primary chamber.  The column at 12:30 highlighted in red 

signifies when 60kg of MSW waste was placed into the primary chamber. The 

column at 13:30 highlighted in red signifies when 150kg of animal waste was 

placed into the primary chamber. The column at 13:30 highlighted in red signifies 

when 600kg of MSW waste was placed into the primary chamber.   

 

The remaining temperatures were taken with the handheld thermometer. The  

upper stack temperature without insulation is identified as point out as in Figure 

24, the lower stack temperature was taken as point B as identified on Figure 24, 

primary chamber external temperature was measured from point C as identified 

on Figure 24 and the secondary chamber was measured from point D as 

identified in Figure 24. 
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Table 9 - Data set 1 for cold start to operating temperature 

 
 
 
 

Time 09:15 09:30 09:45 10:00 10:15 10:30 10:45 11:00 11:15 11:30 11:45 12:00 

Primary chamber 

Internal temp.°C 
8 215 225 342 410 455 495 518 548 570 583 654 

Secondary chamber 

Internal temp.°C 
8 254 305 374 530 680 789 827 863 860 862 900 

Upper stack (no insulation) temp.°C 6.8 103 171 149 206 253 281 282 300 292 284 315 

Lower stack (insulated) temp.°C 6.8 6.8 10.5 15 20 26 27 37.4 40 43 46 48.2 

Primary chamber 

External temp.°C 
6.8 6.8 6.8 7.2 8 8.2 9.6 10.4 12.6 14.5 17.8 18.6 

Secondary chamber external temp.°C 6.8 6.8 5.8 6.8 7.4 9.6 11.4 12.8 16 20 24 30 
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Table 10 -Data set 2 for cold start to operating temperature 
Time 08:45 09:00 09:15 09:30 09:45 10:00 10:15 10:30 10:45 11:00 11:15 11:30 11:45 12:00 12:05 12:15 
Primary 

chamber 

Internal 

temp.°C 5 228 350 425 473 480 529 555 594 611 628 641 536 673 626 574 

Secondary 

chamber 

Internal 

temp.°C 5 326 450 530 570 738 825 854 893 907 921 925 780 942 866 905 

Upper 

stack (no 

insulation) 

temp.°C 5.6 129.4 179 243 217 281 293 303 315 313 326 322 256 315 267 339 

Lower 

stack 

(insulated) 

temp.°C 5.6 5.2 8.2 15.8 18.6 23.1 34.1 32.8 48 51.8 54.6 58.6 53.6 60 55 63.6 
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Primary 

chamber 

External   

temp.°C 5.4 4.8 5.2 6.2 6.6 7 8.1 8.2 12.6 14 18.2 16.6 18.2 21.2 20 21.4 

Secondary 

chamber 

external 

temp.°C 5.2 4.8 0 6.2 7.2 9.4 11.2 12.4 17.6 22.6 24.2 33 34.4 39.2 39 41 
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Table 11 - Data set 2 for cold start to operating temperature 

Time 12:30 12:45 13:00 13:15 13:30 13:45 14:00 14:15 14:30 14:45 15:00 15:15 

Primary chamber 

Internal temp.°C 
541 692 741 728 720 723 725 788 800 823 780 800 

Secondary chamber 

Internal temp.°C 
837 979 936 924 920 930 946 989 1001 982 900 910 

Upper stack (no 

insulation) temp.°C 280 345 341 283 283 280 279 340 350 345 340 341 

Lower stack (insulated) 

temp.°C 54 61 64.4 62.8 62 61 61.4 67 66 66 67 66 

Primary chamber 

External temp.°C 
22.8 25 26.6 28.4 28 29 31.4 32 32 35 35 33 

Secondary chamber 

external temp.°C 45.6 43.8 50.2 54.2 55 57 59 60 61 63 63.2 65 
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The details in Figure 49 shows the first comparison test of the temperatures from 

the start-up of the machine up to and beyond the point where waste fuel was 

introduced.   

 

The rise of the internal temperatures of the primary and secondary chamber to 

come up to the operating temperatures took 2 hours before fuel waste fuel was 

introduced.   There is a significant difference between the internal temperatures 

of the primary chamber at the point of reaching operating temperature. The 

primary chamber was at 548°C whilst the external temperature was measure at 

12.6°C i.e., a difference of 535.4°C.   

 

The secondary chamber had an internal temperature of 863 °C and external 

surface temperature of 16°C i.e. a difference of 847°. The difference in surface 

temperatures measured between the insulated and uninsulated sections of the 

chimney stack were 300 °C.  The temperature of the uninsulated section of the 

chimney stack fluctuated with the temperature changes in the secondary 

chamber. 
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Figure 49 - Data set 1 cold start to operating temperature 

 

The details in Figure 50shows second set of data comparison of the temperatures 

from the start-up of the machine up to and beyond the point where waste fuel was 

introduced.  There was a significant measured difference between the internal 

temperatures of the primary chamber at the point of reaching operating 
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temperature and the external surface temperature of the primary chamber i.e. a 

difference of 760°C. 

 

 
Figure 50 - Data set 2 cold start to operating temperature 

 

Details in  Figure 51show comparison of temperatures within different parts of the 

MB1 machine The vertical columns for each component are colour coded as 

orange and red. The first column shows the average internal primary chamber 

temperature of 696.9°C (marked in orange) and external average temperature for 

the primary chamber 26.3°C (marked in red).  The second column shows the 

average internal secondary chamber temperature of 921.8 °C (marked in orange) 

and external average temperature for the secondary chamber temperature of 

49.3°C (marked in red).  The third column shows the average surface temperature 
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of the uninsulated section of pipe as 312.9 °C (marked in orange) and external 

average temperature insulated section of the chimney stack for the primary 

chamber 61.3°C (marked in red). 

 

 

 
Figure 51 - Comparison of component temperatures 

 
The thermal efficiency for the components is illustrated in Figure 512. The X axis 

shows the major components of the machine showing the primary chamber, 

secondary chamber and the chimney stack. The Y axis shows the temperature 

in °C.   The vertical columns for each component are colour coded as orange. 

The first column shows the efficiency of the primary chamber by calculating the 

percentage thermal efficiency by measuring the internal chamber temperature 

and subtracting the external measured temperature and determining a 

percentage of retention of temperature in the primary chamber.   

 

The primary chamber efficiency is shown to be 96.2%.  The second column 

shows the efficiency of the secondary chamber by calculating the percentage 

thermal efficiency by measuring the internal secondary chamber temperature and 

subtracting the external measured temperature and determining a percentage of 
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retention of temperature in the secondary chamber.  The secondary chamber 

efficiency is shown to be 94.7%.   

 

The third column shows the efficiency of the surface of the stack section with no 

insulating material with that of the surface temperature of the section which was 

insulated by calculating the percentage thermal efficiency by measuring both 

surface temperatures and subtracting the external measured temperature of the 

insulated section from the surface temperature of the non-insulated section.  The 

insulated section was shown to be 80.4% efficient. 

 

 
Figure 52 - Thermal efficiency of component parts 

 

Calculated energy release from differing waste fuels 
The testing of differing waste fuels within the MB1 incineration system has 

outlined the various burn rates for each fuel while maintaining the optimum 

incineration temperatures within the primary chamber and retaining combusted 

gases transiting from the primary chamber into the secondary and then holding 

those gasses in the secondary for a minimum of two seconds at 850°C as a 

minimum.  Based on the average combustion rates within the tested system the 
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energy release can be calculated in gross terms.  Each waste fuel type has its 

own calorific value (CV) as there is no standardised homogenised waste fuel 

calibration which is universally accepted.  Therefore, assumptions have to be 

made as to what the average CV is and the calculations have to be built around 

these assumption. The table sets out the assumed CV’s of the different waste 

streams to determine the gross energy available from the MB1 test incinerator  

  

Interim findings and discussion for MB1  
The data shows that the efficiency of the incinerator design is focused on two 

major elements i.e. the insulation materials used within the primary and 

secondary chambers, in introduction of a FD fan to supply sufficient oxygen to 

incinerate a wide variety of waste fuels and ensuring that the burner specifications 

for the primary chamber and the secondary chamber were sized appropriately to 

ensure that they supplied sufficient thermal energy to bring the primary and 

secondary chambers up to and maintain optimised temperatures for efficient 

incineration.  

 

The finding from this initial research and data collection was scaled up to a to be 

applied to a much bigger system which will focus on one specialist waste fuel 

type and ensure that initial research supports the scaling up of the design and 

increase its overall efficiencies. The main findings from the initial testing and 

results demonstrated that the retention of combustion gases at 2 seconds within 

the secondary chamber and the associated temperatures were held at 850°C to 

comply with EA and DEFRA standards to support full combustion and compliance 

with emission requirements. 

5.18  MB1 System Testing and data gathering 

The testing of the MB1 incinerator was undertaken on an industrial site in 

Birmingham which as the permits from the local authority to incinerate small 

quantities of waste fuels.  The testing was across four differing types of waste 

fuel i.e., biomass, refuse derived fuel (RDF), municipal solid waste (MSW) and 

animal waste fuel.  The objective was to determine the performance of the 

incinerator machine and establish the settings for the optimised burn rates for 
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each fuel types and compare that to the theoretical values set out at  the start of 

the process and also determine how much energy was released for each waste 

fuel source and establish whether each waste was efficiently burnt Methodology   

 

The method employed to capture that data is quantitative measurement of the 

mass of the waste fuel, the time taken for combustion, the measurements 

associated with temperature, observation of the chimney stack for signs of smoke 

indicating poor combustion and measuring of the total fossil fuel consumed during 

the total testing period. This will help to understand the operating costs 

associated with the operation of the machine.  The method of recording data was 

a manual not taking exercise recording the times and transferring the data onto 

a spreadsheet.   

 

There are two people involved in the operation of the machine and Table 12, 

Table 13 Table 14 Table 15 set out the findings for each of the waste fuel types, 

the burning of the waste and  the associated parameter of the machine i.e. the 

temperatures of the primary and secondary chambers . The chimney stack was 

kept under observation to determine whether any black smoke was emitted – 

which would indicate partial combustion taking place in the primary chamber and 

the speed of the FD fan adjusted to ensure sufficient oxygen was supplied to the 

primary chamber to maintain efficient combustion throughout the testing process. 

5.19  Test results 

The test results show the collected data for each fuel type and with details of the 

burn rate and the amount of total waste fuel which was incinerated.  This allowed 

sufficient data to be gathered to baseline the performance of the incinerator in its 

current configuration.  
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The data set out in Table 12 shows that data captured for the burning of biomass, 

the first column indicated the number of individual loads places into the machine, 

the second column measures the temperature of the primary chamber, the third 

column measures the temperature of the secondary chamber, the forth column 

measures the mass of the waste fuel, the fifth column measures the average 

combustion rate of kg per minutes and kg per hour. The bottom of the table shows 

the total of the waste incinerated and the total time taken. The final row in the 

table shows the average temperatures during the incineration process for the 

primary and secondary chambers and also shows the average burn rates in kg 

per minute and kg per hour.  The data shows that the average temperature in the 

primary chamber during the burning of the biomass was 537°C and 856°C in the 

secondary. The total mass of biomass incinerated was 56kg over a 25-minute 

period averaging a burn rate of 2.24kg per minute or 134kg per hour. 

 

Table 12 – Burn rates for biomass 

lLoad 

Prim
ary cham

ber t 

tem
perature °C 

Secondary 
cham

ber 
tem

perature  

°C
 

Fuel load 
kg 

C
om

bustion tim
es 

A
verage com

bustion 
kg/m

in – kg/hr 

1 520 871 8 00:05:00  

2 540 846 16 00:10:00  

3 550 850 32 00:10:00  

Total   56 25  

average 537 856   
2.24 – 134. 

 

The biomass fuel shown in  Figure 53 was made of pelletised organic wood waste 

material from virgin untreated wood. The compression process reduces the 

moisture content and generated a uniform compact size homogenised fuel pellet.  
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They are cylindrical in shape and measure approximately 7mm diameter and vary 

in length from 5mm to 30mm with a surface area range of o117mm2 to 510mm2. 

 

 
Figure 53 - Example of biomass used in the testing process 

 
 

The data set out in Table 13 shows that data captured for the burning of refuse 

derived fuel, the first column indicated the number of individual loads places into 

the machine, the second column measures the temperature of the primary 

chamber, the third column measures the temperature of the secondary chamber, 

the forth column measures the mass of the waste fuel, the fifth column measures 

the average combustion rate of kg per minutes and kg per hour.  

 

The bottom of the table shows the total of the waste incinerated and the total time 

taken. The final row in the table shows the average temperatures during the 

incineration process for the primary and secondary chambers and shows the 

average burn rates in kg per minute and kg per hour.  The data shows that the 

average temperature in the primary chamber during the burning of the biomass 

was 610°C and 903 °C in the secondary. The total mass of RDF incinerated was 

24.5kg over a 12-minute period averaging a burn rate of 1.75kg per minute or 

104kg per hour. 

 

 



Chapter 5- Multi-Burner One (MB1) 

  118 

 

Table 13 - Burn rates for refuse derived fuel (RDF) 

load 
Primary 
chamber 
temperature °C 

Secondary 
chamber 
temperature 
°C 

Fuel 
load 
kg 

Combustion 
times 

Average 
combustion 
kg/min – 
kg/hr 

1 770 879 6.5 00:04:00  

2 560 874 3 00:02:00  

3 615 913 5 00:03:00  

4 654 921 10 00:07:00  

Total   24.5 14  

average 610 903 6.125  1.75 – 105 
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Burn rates for municipal solid waste 

 

The data set out in Table 14 and Table 13 shows that data captured for the 

burning of municipal solid waste, the first column indicated the number of 

individual loads places into the machine, the second column measures the 

temperature of the primary chamber, the third column measures the temperature 

of the secondary chamber, the forth column measures the mass of the waste fuel, 

the fifth column measures the average combustion rate of kg per minutes and kg 

per hour.  

 

The bottom of the table shows the total of the waste incinerated and the total time 

taken. The final row in the table shows the average temperatures during the 

incineration process for the primary and secondary chambers and also shows the 

average burn rates in kg per minute and kg per hour. The data shows that the 

average temperature in the primary chamber during the burning of the municipal 

solid waste was 663°C and 855.6 °C in the secondary. The total mass of MSW 

incinerated was 893 kg over a 450-minute period averaging a burn rate of 1.98kg 

per minute or 119kg per hour. 
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Table 14 - Burn rates for municipal solid waste (MSW) 

load 
Primary 
chamber 
temperature °C 

Secondary 
chamber 
temperature  
°C 

Fuel 
load 
kg 

Combustion 
times 

Average 
combustion 
kg/min – 
kg/hr 

1 628 870 5 00:08:00  

2 644 885 5 00:05:00  

3 554 786 5 00:04:00  

4 600 870 10 00:14:00  

5 630 872 15 00:13:00  

6 560 771 20 00:20:00  

7 545 755 12.5 00:05:00  

8 636 877 12.5 00:40:00  

9 672 880 14 00:26:00  

10 609 887 21 00:20:00  

11 581 686 21 00:21:00  

12 597 860 21 00:10:00  

13 525 790 21 00:10:00  

14 579 902 21 00:18:00  

15 606 865 14 00:18:00  

16 650 800 30 00:15:00  

17 654 900 30 00:14:00  

18 632 790 60 00:09:00  

19 684 898 75 00:13:00  

20 651 852 120 00:19:00  

21 680 900 60 00:44:00  
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load 

Primary 
chamber 
temperat
ure °C 

Secondary 
chamber 
temperatur
e 
°C 

Fuel 
load 
kg 

Combusti
on times 
(Minutes) 

Average 
combustio
n 
kg/min – 
kg/hr 

22 541 720 60 00:29:00  

23 837 920 180 00:50:00  

24 823 982 60 00:25:00  

Total   893 450  

Average 663 855.6 37.2  1.98-119 

 

 

The data set out in Table 15 shows that data captured for the burning of animal 

waste used as fuel, the first column indicated the number of individual loads 

places into the machine, the second column measures the temperature of the 

primary chamber, the third column measures the temperature of the secondary 

chamber, the forth column measures the mass of the waste fuel, the fifth column 

measures the average combustion rate of kg per minutes and kg per hour. The 

bottom of the table shows the total of the waste incinerated and the total time 

taken.  

 

The final row in the table shows the average temperatures during the incineration 

process for the primary and secondary chambers and also shows the average 

burn rates in kg per minute and kg per hour.  The data shows that the average 

temperature in the primary chamber during the burning of the animal was 645°C 

and 838.6 °C in the secondary. The total mass of animal waste was 315kg with 

an average batch size of 52.5 kg incinerated over a total of 129-minute period 

averaging a burn rate of 2.44kg per minute or 146kg per hour. 
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Table 15 - Burn rates for animal waste 

load 

Primary 
chamber 
temperatu
re °C 

Secondary 
chamber 
temperatur
e 
°C 

Fuel 
load 
kg 

Combusti
on times 

Average 
combustion 
kg/min – 
kg/hr 

1 740 870 45 00:26:00  

2 658 778 90 00:38:00  

3 624 850 30 00:10:00  

4 688 890 30 00:11:00  

5 536 780 40 00:19:00  

6 626 864 80 00:25:00  

Total   315 129  

average 645.3 838.6 52.5 00:21:30 2.44 – 146.5 

 

The animal waste was weighed and placed into bags showing the mass of each 

bag. When the temperature of the machine was at operating temperature the 

waste was placed into the primary chamber and the lid closed. The waste was 

bagged as seen in Figure 54 Figure 54 to ensure that there was no spillage and 

to give accuracy in measuring the waste inputted into the primary chamber. 

 

 
Figure 54 - Animal waste 
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The primary chamber was visually inspected on a regular basis to check the 

progress of the incineration taking place as shown in Figure 55.  There were 

several risk factors which had to be mitigated during the inspection process. As 

this was a two-person operation, one operator had to be behind the machine to 

place a downward force on the cantilever to allow for the lid to remain open safely 

and allow sufficient time for a new load of waste fuel to be introduced into the 

primary chamber.  In addition to this the loading operator had to wear appropriate 

PPE to ensure that they were not affected by the high temperatures and any 

fumes on opening the primary chamber lid. As can be seen in the picture – this 

is a hazardous environment.   

 

Waste fuel is loaded through the opening of the primary chamber lid main lid. As 

seen in Figure 55 the waste is being combusted and the condition of brick and 

the aperture of the transition stack going into t secondar y chamber lining are in 

good condition with no signs of charring due to poor combustion and the condition 

of the brick itself shows no signs of unburnt deposits, distortion or cracking. 

 

 

 
Figure 55 - Combustion of waste materials 
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The need to access the external body temperature of the machine was crucial to 

understand the efficiency of the thermal lining employed with the design of the 

MB1. The greater the internal efficiency would mean that the higher temperatures 

would be retained in the primary and secondary chambers, the more efficient 

incineration of the waste would take place and also the use of the fossil fuel to 

support the internal temperatures will be reduced.  

 

In Figure 56 the use of a thermal image camera demonstrated that whilst the 

internal temperatures in the primary chamber were averaging approximately 

613.75°C. However, the spot measurement using the thermal imaging camera 

suggested that the surface temperature was 34.8°C in the main body. As cab be 

seen at the interface between the top of the chamber and the lid the temperatures 

are approaching 86.6°C.    

 

The gradients in the image are shown as colour spectrum which ranges from blue 

showing the colder part of the range and the white which shows the hotter parts 

of the range. The thermal imaging camera automatically sets the boundaries of 

the range from a minimum to a maximum for the image being selected. The upper 

and lower limits of the range changes as the camera is focused in different areas 

of the subject. 
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Figure 56 - Thermal image of primary chamber 

 
At the rear of the primary chamber the spot reading is 48.6°C. the images shown 

in Figure 57 that the main body at the rear of the primary chamber and the main 

concentration of heat is escaping the primacy chamber is between the interface 

between the lid and the main body of the primary chamber.  The dissipation of 

heat is very limited as the mounting section for the lid are relatively cool and the 

temperature range as whole is between 10.2°C and 78.8°C.  

 

The internal temperature was averaged at 613.75°C.  The gradients in the image 

are shown as colour spectrum which ranges from blue showing the colder part of 

the range and the white which shows the hotter parts of the range. The thermal 

imaging camera automatically sets the boundaries of the range from a minimum 

to a maximum for the image being selected. The upper and lower limits of the 

range changes as the camera is focused in different areas of the subject. 
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Figure 57 - Rear of the primary chamber 

 

The FD fan and its relative position to the primary chamber is shown in Figure 58. 

The range of the temperature measured is between 9.5°C and 32.6°C. It shows that 

the fan housing and the ducting going to the body of the primary chamber is at a 

maximum of 32.6°C.   The gradients in the image are shown as colour spectrum 

which ranges from blue showing the colder part of the range and the white which 

shows the hotter parts of the range. The thermal imaging camera automatically 

sets the boundaries of the range from a minimum to a maximum for the image 

being selected. The upper and lower limits of the range changes as the camera 

is focused in different areas of the subject. 
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Figure 58 - Primary chamber FD fan thermal image 

 

The gradients in the image are shown as colour spectrum which ranges from blue 

showing the colder part of the range and the white which shows the hotter parts 

of the range. The thermal imaging camera automatically sets the boundaries of 

the range from a minimum to a maximum for the image being selected. The upper 

and lower limits of the range changes as the camera is focused in different areas 

of the subject.  The image in Figure 59 show that the temperature gradient 

measure ranges from 10.4°C and 131°C. the image shows that the extreme 

ranges of the thermal gradient lie between the interface of the lid in the primary 

chamber and the main body of the primary chamber where heat is escaping into 

the atmosphere and would be in the 131 °C range. The colder parts represented 

in blue on the image are related to the corners of the primary and secondary 

chamber, which are measured at 10.4°C. 
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Figure 59 - Transition pipe between primary and secondary chamber. 

 

The gradients in the image are shown as colour spectrum on the right of image 

ranges from blue showing the colder part of the range and the white which shows 

the hotter parts of the range. The thermal imaging camera automatically sets the 

boundaries of the range from a minimum to a maximum for the image being 

selected. The upper and lower limits of the range changes as the camera is 

focused in different areas of the subject. Seen in Figure 60 is the front face of the 

secondary chamber showing that the spot surface temperature is measured at 

51.6°C. The grading on the right of the image shows range of 1.4 °C to 85°C. This 

image is also capturing the other components of the incinerator which includes the 

chimney stack and the transition pipe between the primary and secondary 

chambers. It also captures the immediate surrounding area and the warehouse where 

the machine is housed. 
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Figure 60 - Front face of secondary chamber 

 

The gradients in the image are shown as colour spectrum on the right of image 

ranges from blue showing the colder part of the range and the white which shows 

the hotter parts of the range. The thermal imaging camera automatically sets the 

boundaries of the range from a minimum to a maximum for the image being 

selected. The upper and lower limits of the range changes as the camera is 

focused in different areas of the subject. In Figure 61 the image shows a spot 

temperature measurement of 47.8°C with at a range for the image between 

14.9°C and 60.6°C. at the lower part of the image the thermocouple can be seen. 

The image clearly shows the pattern of the bolts on the external side which hold 

the insulation fibre board in position on the internal of the secondary chamber. 
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Figure 61 - Side face of secondary chamber showing thermocouple 

 

The gradients in the image are shown as colour spectrum on the right of image 

ranges from blue showing the colder part of the range and the white which shows 

the hotter parts of the range. The thermal imaging camera automatically sets the 

boundaries of the range from a minimum to a maximum for the image being 

selected. The upper and lower limits of the range changes as the camera is 

focused in different areas of the subject. In Figure 62 the rear of the secondary 

chamber is seen, and the secondary chamber burner mounted at the bottom of 

the chamber. The temperature gradient shows that the range is between 10.5°C 

and 69.9°C. The image also shows the stud patterns for the bolts which hold the 

internal fibre insulation board on the internal of the secondary chamber.  It also 

shows that the hottest points are the studs, and the coldest part is the secondary 

burner. 
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Figure 62 - Rear of secondary chamber showing burner 

 

Thermal data for the chimney stack  

The gradients in the image are shown as colour spectrum on the right of image 

ranges from blue showing the colder part of the range and the white which shows 

the hotter parts of the range. The thermal imaging camera automatically sets the 

boundaries of the range from a minimum to a maximum for the image being 

selected. The upper and lower limits of the range changes as the camera is 

focused in different areas of the subject. In Figure 63Figure 63 the image shows 

the full system in operation with the primary, secondary and the chimney stack 

all operating in normal conditions. The temperature in the image rangers from 

8.7°C to 150°C (this is the upper limit of the thermal camera). The image show a 

significant temperature variation from the sections of the chimney which are 

thermally insulated to that of the section which is a none insulated flexi pipe fixed 

to the stack to enable the exhaust gases to vent into the atmosphere safely. This 

modification had to be carried out due to the height of the roof in the warehouse 

and the limited lengths of insulated pipe available. 
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Figure 63 - Chimney stack 

 

The gradients in the image are shown as colour spectrum on the right of image 

ranges from blue showing the colder part of the range and the white which shows 

the hotter parts of the range. The thermal imaging camera automatically sets the 

boundaries of the range from a minimum to a maximum for the image being 

selected. The upper and lower limits of the range changes as the camera is 

focused in different areas of the subject.  As the closer image of the chimneystack 

show that the spot temperature is registering a value which is greater than 150°C. 

The overall range of the measured temperature is from 17°C to 150°C The lower 

insulated stack shows a much lower temperature being emitted into the 

atmosphere as wasted heat.   
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Figure 64 - Upper uninsulated stack section 

 

Thermal data for the whole system 

 The gradients in the image are shown as colour spectrum on the right of image 

ranges from blue showing the colder part of the range and the white which shows 

the hotter parts of the range. The thermal imaging camera automatically sets the 

boundaries of the range from a minimum to a maximum for the image being 

selected. The upper and lower limits of the range changes as the camera is 

focused in different areas of the subject.  

 

The image in Figure 65Figure 65 focuses on the secondary chamber and showing 

a spot temperature of 54.9°C. Other parts of the system i.e., that primary chamber 

and the lower part of the chimney stack shows much of the system as is being 

operated in normal conditions the internal primary and secondary temperatures 

averaging at 613.8 °C for the primary chamber and 870.65°C for the secondary 

chamber. The grading on the right of the picture shows a range of 9.5°C to 85.9°C. 
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Figure 65 - Thermal image of primary, secondary and chimney stack 

 

The gradients in the image are shown as colour spectrum on the right of image 

ranges from blue showing the colder part of the range and the white which shows 

the hotter parts of the range. The thermal imaging camera automatically sets the 

boundaries of the range from a minimum to a maximum for the image being 

selected.  

 

The upper and lower limits of the range changes as the camera is focused in 

different areas of the subject.  The image in Figure 66shows a compound picture 

which focused on the primary chamber giving a spot temperature measurement 

of 51.9°C. The image overlays a normal image with a subsection which shows an 

embedded thermal image over layered onto a normal black and white image of 

subject. The thermal of the area focused on by the thermal imager ranges from 

11.3°C to 70.1°C.  
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The internal temperatures measured in the primary and secondary chambers 

averages at 613.8 °C for the primary chamber and 870.65°C for the secondary 

chamber. The grading on the right of the picture shows a range of 9.5°C to 85.9°C. 

 

 
Figure 66 - Compound thermal image 
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6 MOVING GRATE SYSTEM DESIGN 

The need to develop a system which would burn waste needed to be designed 

and built for commercial applications. The finding from the initial testing of the 

MB1 were used to inform the design and use of materials which are detailed in 

section 6.1. 

6.1 Application onto larger scale 

The finding from the initial test data from the MB1 and the associated calculations 

to support potential energy from waste lead to the consideration and design of a 

system with the potential to burn a target waste of 1000kg per hour. As this target 

would ensure compliance for small waste incineration plants (SWIP) which fall 

under 3000kg per hour compliance requirements.  

 

The finding from the testing and modelling of the MB1 for the burn rates for 

differing waste fuel sources were used to redesign a system which could look at 

the viability of developing a much larger system which could be used to incinerate 

waste in a more efficient manner.  

Findings from the MB 1 testing demonstrated that a great deal of thermal energy 

was lost in the system due to the requirement lifting the lid on the primary 

chamber every time waste fuel was added.  

 

However, the thermal lining was very efficient at not transiting thermal energy out 

into the atmosphere through the body of the primary and secondary chambers as 

well as the flue stack.  Finally, the ability to determine an adjustment of the 

additional airflow to the primary chamber directed at the waste fuel ensured that 

there is sufficient oxygen supporting the combustion process regardless of the 

type of fuel and the mass at any given time. 
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6.2 Design schematic  

 
Figure 67 - Main components of the moving grate system 

 

The schematic outlined in Figure 67shows the design concept of a fully 

automated system. On the left of the image shows a ramp which lifts waste fuel 

from a storage are and gravity feeds the waste into a fuel hopper. the hopper 

mechanism is powered by two electrical motors which turn two screw augurs and 

feed the waste directly into the primary chamber.  

 

On the wall of the primary chamber is mounted a burner (there are two other 

burners placed on the sides) which is used to increase the internal temperature 

of the primary chamber to the optimised combustion setting for the waste fuel 

(prior to the waste fuel being added) the lower part of the primary chamber show 

the moving grate mechanism which takes the waste fuel introduced by the augers 

and distributes it across the floor of the primary chamber (to increase the surface 

area) the white arrows show the introduction of ambient air to support the 

combustion process the red arrows shoe the direction of the hot combustion 

gases which transit from the lower oar of the primary chamber which also carry 

ash particles.  

 

The details in Figure 69 shows blow arrows from left to right indicate the start of 

the secondary chamber. The hot combustion gases travel through the secondary 
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chamber and a baffle us seen protruding from the roof of the chamber. The 

turbulence in the system allows the fly ash to drop at the back of the primary 

chamber and fall into the de-asher system at bottom of the primary chamber, 

where it is collected with other debris dropped from the end of the moving grate 

into a water trap and the conveyor feeds the mixture of bottom ash and collected 

fly ash into a hopper located outside the primary chamber.  The exhaust gases 

then go through a transition pipe and into a heat exchanger. The air-to-air heat 

exchanger is powered by an electric motor and reduced the temperature of the 

exhaust gases into the atmosphere before the gases go into the pollution control 

system (PCS).  Depending upon the chemical components of the exhaust gases, 

various chemical treatments and filtering systems are applied to the exhaust gas 

before emission into the atmosphere. 

 

 
Figure 68 - Moving grate assembly 

 



Chapter 6 - Moving grate system 

  139 

 

The system shown in  Figure 68 shows the system being assembled. The lower 

section comprises of a moving grater whether waste is introduced and moved 

along the primary chamber using an integrated moving grate (hence the name).  

The primary chamber is situated directly above with a semicircle section attached 

to the top of the body of the main chamber.  The system was manufactured in 

sections and then assembled on site. There are three burners attached   to the 

main chamber with one place at the front elevation and two on the sides. 



Chapter 6 - Moving grate system 

  140 

 

 

 
 
 
 
 
 
 

 
Figure 69 - Moving grate system 



Chapter 6 - Moving grate system 

  141 

 

Table 16 - Details of each component  

Equipment Specification Dimensions Illustration 

Conveyor  

 

This system allows for the 

introduction of the waste into 

the incinerator by operatives 

in a safe and controlled 

manner. 

Flat bed conveyor 

5-meter length 

Variable speed 

30° angle  

Lift height 3meters  

 

Length - TBD 

Width - TBD 

Height -TBD 

Mass - TBD 

 

 
Auto-Loader 

 

This system feeds waste fuel 

directly into the primary 

chamber in a safe manner 

and is operated remotely. It 

also ensures that the waste 

fuel is compacted when 

introduced for efficient 

0.18m2 Hopper inlet 

17kg/minute capacity 

1000kg RDF / hr (dependant on the 

quality of the RDF) 

Auto-compaction of waste fuel 

Dual Screw feeder into primary 

chamber 

Length 2818mm 

 

Width 2183mm 

 

 

Height 3223mm  
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incineration within the 

primary chamber.  

As this is a constant feed 

loader system – there is 

minimum loss of heat during 

the fuel loading process 

 

Variable speed for optimised 

operation and differing fuel 

densities of fuel  

Integrated fire suppression system 

 

Combustion Unit- Advanced 

Moving grate 

 

The fuel is introduced into 

the primary chamber which 

is then incinerated in a tightly 

controlled process. The 

design of the chamber 

allows for the precise 

optimized mixture of fuel and 

circulated ensuring efficient 

Domed combustion chamber  

Operating temperature 850°C -

1100°C 

Three burners 

Three FD fans (inlet fan)  

24 port air induction system 

Primary air fed through grate 

Three viewing windows on burning 

bed 

8 temperature sensors 

Multi-zoned primary chamber with 

integrated secondary chamber 

Automated integrated-ash system 

Length 5429mm 

 

Width 2528mm (including 

burners) 

 

 

Height 5000 mm (please 

add height of auto loader 

for full installation height) 
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combustion with minimum 

ash. 

The side wall of base lined with 

thermally insulating materials. 

Moving Grate 

 

Enables the waste to be 

agitated within the primary 

chamber to optimise the 

combustion process and for 

a variety of refuse derived 

fuels (RDF). 

Hydraulic actuators 

Base with an 15° inclined movable 

grate 

Grate bars made of cast iron with 

high chromium content and 

arranged in rows.  

Unique grate design with "no 

spillage” system. 

System spreads the fuel for optimal 

burn 

Hydraulic stroke controlled by two 

sensors. 

Primary compressed air injected 

under the grate, to, lift debris into 

the incineration chamber for 

efficient combustion 

Length 5285m (not 

including external de-ash 

component) 

 

Width 2195mm 

 

Height 1742mm 
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De-Asher 

 

Automated removal of ash at 

the baser of the primary 

chamber to maintain optimal 

combustion. 

 

 

Electrically operated  

Able to remove 100 kg/hr cycle. 

Removable hopper container for 

safe collection and disposal. 

Access / inspection panels for easy 

monitoring and maintenance  

 

Length 3210mm 

 

Width 1802mm 

 

Height 1874mm 

 

 

 

 
 

Control system 

State of the art, electronic 

control system which 

automates loading the waste 

fuel, maintain incineration at 

the optimum temperatures, 

de-ashing and filtration.  

PLC controls 

Touch screen 

Remote access and monitoring via 

ethernet 

Multiple sensors 

Emergency shut down 

Option to upgrade and expand 

415 v – three phase supply 

Can operate via standalone 

generator  
final control panel systems may 

vary dependant on final system 

configuration 
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Figure 70-Fabrication drawings for moving grate 
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As the schematic design has progresses, detailed manufacturing drawings are 

produced to dimension all the major components. As detailed in Figure 70, the 

first image on the left-hand side top row, shows the front elevation and shows the 

total height of the primary and internal secondary chamber as 4296.82mm with a 

height of 3632.82mm from the floor to the bottom of the secondary chamber.  

Thew shape of the secondary chamber is semi-circular in shape and sits on top 

of the primary chamber with a radius of 644mm.   

 

 The position and 146mm diameter of the primary chamber burner is shown in 

the middle of the primary chamber and immediately below that are located the 

position of two screw fed auger diameter on 190mm each. to the right and left of 

the augers are the position of the primary chamber air inlet manifolds with an inlet 

manifold diameter of 59mm and a supply diameter of 88.52mm.   

 

The second image on the first row shows the side elevation of the primary 

chamber and secondary chamber in position with an overall length of 7846mm. 

Length of the primary chamber is 4558mm with a transitional stack of 592mm and 

an overall length of the secondary chamber 2696mm. The height of the 

secondary chamber is 2550mm. The position of two secondary burners is with 

tube diameters of 125mm.   The secondary chamber shows the position of the 

internal baffle which is located at the midpoint with a thickness of 200mm Lower 

down in the image is the moving grate mechanism which has a lowering gradient 

from right to left and below which are located air inlets directly under the moving 

grate.  

 

 The third image on the first row shows the rear of the primary chamber and 

secondary chamber combination. The outlet flue has a diameter of 350mm and 

a height measure to the centre point of the flue from the base of 4032.82mm.  

The first image of the second row shows the three dimensioned drawing 

illustrating the internal volume of the primary chamber as 13.9m3, the secondary 

chamber as 6.7m3 for the secondary and 8.2m3 for the volume under the moving 
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grate within the primary chamber.  the second image on the second row shows 

the plan view showing the primary chamber and secondary chambers and the 

plan view of the positions of the manifolds left and right as well as the burner 

position located on the left side of the primary chamber and finally the detailed 

scale of the under the grate air supply is detail, in 20:1 scale showing more details 

of the metal ducting and the motor assembly.   

 

The details of the CAD drawing were imported into ANSY software as shown in 

Figure 71 and the fluid domain extraction and simplification of the internal of the 

primary chambers can be seen. This is the volume where the incineration of 

waste will take place and also shows the sections which are not used for the 

simulation process. The internal volume of air can be seen in the image (right) in 

red. The primary chamber volume existing outside of the CAD model is an 

impingement unit. The impingement unit is an extension for the secondary 

chamber and is to be an included distance for measuring retention. 

 

 
Figure 71 -Extracting the fluid domain 
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The ANSYS modelling shown in Figure 72 (left hand image) is the extracted fluid 

domain for the primary chamber. It shows the inlet for the primary burners and 

the inlets for the auger screw feeds for the waste fuel will be introduced into the 

primary chamber.  The inlet manifold show that position of where auxiliary air will 

be introduced into the primary chamber to support the combustion process on top 

of the moving grate. 

 

 The air inlet is also shown for the air underneath the moving grate – which is 

design ed to feed ambient air underneath the waste fuel bed to support the 

combustion process. The internal concrete slab and the internal buffer volume 

within the secondary chamber is removed from the fluid domain. This is to ensure 

that only the volume where combustion takes place and combustion gases 

circulate are simulated. 

 

 
Figure 72 - Primary chamber fluid domain 

 
The secondary chamber was also mapped out as in the case of primary chamber 

as shown in Figure 72. The images show the inlet pipes and the fluid domain of 

the secondary chamber shown in grey. The baffle within the secondary chamber 

has been removed as this volume is where gases will not circulate and will to be 

considered to understand the simulation.  
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In the additional information and associated plots in Figure 74, Figure 75, Figure 

76 and Figure 77 and show the simulated temperature plots and gas flow and 

retention within the system. 

6.3 Testing methodology 

This section follows the tests done on the moving grate system to determine 

whether the modelling of the system and the calculations were supported with 

empirical measured data.  The system was tested for short durations to comply 

with local planning and environmental permits.  The development of the new 

incinerator system designed to burn refuse derived fuel (RDF) in a manner which 

is efficient and can be used as a the primarily to enable the generation of energy.  

 

The findings of the MB1 and the associated data for RDF fuel was used.   Inciner8 

invested heavily in terms of finance, materials and technical expertise in ensuring 

that the design meets the design brief and the client expectations of a small waste 

incineration plant (SWIP) module to determine 1000kg/hr and option to generate 

energy from waste through the integration of a heat exchangers and Organic 

Rankine Cycle (ORC) generator to produce electricity.   

 

The need for ensuring that the performance characteristics were recorded and 

able to demonstrate the that any published specifications are underpinned 

through base line test date and recording are made available to meet any legal 

and contractual requirements. 
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Modelling the system 

 
Figure 73 -Internal temperature distribution 

 

In Figure 73 the distribution of the internal temperatures is shown throughout the 

system. This is modelled using data which using colours where blue represents 

the cold temperatures and moving towards the red as the temperatures increase.  

This visualisation helps to demonstrate how waste fuel is distributed on the 

moving grate and as it combusts where the heat energy is dissipated   
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Figure 74- Temperature plots 

 

 

 
Figure 75 - Temperature plots 2 
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In Figure 76 the image shows the streams of the gases and the associated timing 

within the system.  This allows visualisation of the how the particle streams are 

generated and distributed within the system and allows the information to be 

generated as to where the fastest particles are and also allows the designers to 

integrate changes to the system to control gas retention times. 

 
 

 
Figure 76 - Gas flow and retention 

 
In Figure 76 the average particle gas flows can be measures and show the 

average time of the gases retained in the secondary chamber – The Environment 

Agency stipulated that exhaust gases emerging from the primary combustion 

chamber must be retained for a minimum of 2 seconds at a temperature of 850°C. 

The image show that this design is compliant. 
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Figure 77 - Temperature at 1123K 

 

Following on from the design and the associated ANSYS modelling. The moving 

grate system was built as shown in Figure 69. In the image can be seen the waste 

fuel feed on the right of the picture with two tubes containing screw augurs where 

waste will be fed into. Immediately above the two-feed tubes is located the main 

primary burner. On the side of the primary chamber can be seen two auxiliary 

burners with auxiliary air flow manifold immediately underneath the burners. 

There are a number of control panels which are wired to the various fans, burners, 

thermocouple and the waste fuel feed system. 

 

The manifold seen at the top of the dome of the secondary chamber was not 

connected and not use for any auxiliary air input into the secondary chamber. 

This was blocked off with screw caps fitted into the inlet and sealed shut. 
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6.4 Test one results  

The moving grate system was started and as can be seen from Figure 78 the 

plots show the reading from each of the four thermocouples mounted in the 

primary chamber. Each thermocouple shows a different reading, and the peak of 

each reading differs. As can be seen the plots show the reading from each of the 

thermocouples and the peak of each reading differs a difference between 610 °C 

to 830°C i.e., a difference of 220°C. 
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Figure 78 - Primary chamber recoded temperatures 
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Figure 79-Secondary chamber temperature plots 
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The test schedule was developed as a formal framework which could be 

developed further as the testing process started to develop. As this was an initial 

framework (which is subject to changes), the details were broken down into 5 

main headings i.e.  

 

Stage one - recording the date time and model of the machine along with record 

of the test engineers. 

 

Stage two, pre-start i.e. the physical check of the machine and the recording of 

ambient conditions along with details of the waste fuel and the burner fuel.  

Stage three - is the start-up, where it is recorded time taken to reach operating 

temperatures and pressures in the primary and secondary chambers, external 

temperatures and burner fuel consumption. 

 

Stage four is the introduction of fuel and the impact on the performance of the 

machine in terms of temperatures and pressures – this is then managed to ensure 

that the waste fuel is burnt at an optimised temperature and the induction fans 

and draw fans are modulated and to enable the flow of air into the combustion 

chamber and the draw fans which extract the combustion gases and ensure that 

the primary and secondary chambers operated under reduced  pressure. This 

also include noting physical observations such as sounds, flames, smoke etc 

during the waste fuel burning process. 

 

Stage five is the shut down and physical cold check, noting distortions, carbon 

deposits around seals and flames, leaks, internal lining checks etc. 

 

As shown in the purposes of this test RDF was used as a non-hazardous waste 

which was used as the test fuel – initial testing of the fuel measured the physical 

property at pieces which have been shredded to approach 50 mm2 as shown in 

Figure 80   to ensures that it goes through the waste feed system, i.e. the hopper 

and auger without restriction and fouling the mechanical drive system. In addition 

to this the moisture content of the waste fuel was measures and found by 35% 
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moisture which equates to a calorific value (CV) approx. 9.3 MJ/kg for RDF with 

this moisture content.  

 

 
Figure 80- RDF waste fuel used with particle size less than 50mm 

 
The burners for the incinerator preformed as designed and as can be seen from 

the picture they all were firing as intended and as shown in the Figure 81 which 

shows the reach of the flame and the dissipation of the heat. Within the primary 

chamber.  The image shows the firing of the burner from the centre and the 

burners from the top of the primary chamber.  As the waste fuel is introduced it is 

combusting although still supported by the auxiliary burners as shown in Figure 

82. 
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Figure 81 - Initial start-up of primary chamber 

 

 
Figure 82- Introduction of waste fuel 
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The fuel was loaded into the hopper manually as shown in Figure 83 and was 

reliant on staff resources to manage the process. This method was used in the 

absence of an automated system just for teats purposes. The fuel loading was 

done by a qualified operator who was trained for working at heights and using an 

electrical lifting platform whet the operator was tethered into the cradle to ensure 

that there was no possibility of the operation falling from the platform whilst 

loading the waste – in addition to the operator wore PPE in the form of gloves, 

overalls and boots with protective toe caps when handling the waste.  Whilst this 

was sufficient for the first test and getting some baseline data, the process 

needed to be automated to ensure that the fuel going into the hopper is better 

controlled and constant – this will ensure the data recorded will also be consistent .  

 

 
Figure 83- Manual loading of waste fuel 

 

The results for the operation of the incinerator is managed through a control 

interface which measures the various parameters of the machine which include 

internal incinerator temperatures, internal pressures, ambient conditions such as 

relive humidity, ambient temperatures. The advantage of the system it also 

measures the waste fuel rates as well as the kerosene fuel consume by the 

burners. The air intake, the exhaust, the stack pressure and also the oxygen 
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percentage.  The data is collected and placed onto a data pen which can be 

analysed at a later stage, an example is shown below for temperature and waste 

flow rates.   

 

The control panel shown in Figure 84show the data for the various parameters of 

the system whilst in operation. The first column headed temperature is a list of 

thermocouples from 1 to 8 and the associated measurement of temperatures in 

the primary and secondary chambers. TC1-4 measure the primary chamber 

temperatures and TC 5-8 measure the secondary chamber temperatures.   The 

column headed moving grate is the speed of the moving grate and its frequency 

of oscillations of the moving grate plat form which shows the rate of the waste 

fuel being moved along the floor of the primary chamber.   

 

The column headed feeder shows the rate of turn for the auger feeds i.e. the 

amount of waste fuel being introduced into the primary chamber.  The column 

labelled air in, is the amount of air introduced by the FD fan into the primary 

chamber to support the combustion process. The exhaust column shows the rate 

of the ID fan placed at the exhaust of the secondar chamber which draws out the 

exhaust gases and places the whole system under reduced pressure.   the 

columns headed as ambient temperature and ambient relative humidity (RH) 

measure the environmental conditions which are immediately around the 

incinerator.   

 

The column with primary pressure measures the internal pressure in the primary 

chamber measured in Pascals and the column labelled Oxygen measure the 

excess oxygen levels from the exhaust of the secondary chamber.   

The column labelled conveyor measures the speed of the waste fuel loading 

system and the column measures the consumption of fossil fuel used to power 

the three burners in the primary chamber. The column headed secondary 

pressure measures the pressure in the secondary chamber measure in Pascals 

and the column labelled Stack mbar measure the pressure in the exhaust stack.  

Finally, the column labelled trends allow the system operator to analyse the 
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trends and measurements of the various factors associated with operation of the 

machine. 

 

 
Figure 84 - Control panel display 

 

The results of the first test are summarised in Table 17and show the main and 

focused on the main points for the test results.  As can be seen that the target of 

the incinerator is to burn waste fuel to approx. 1000kg/hr.  Whilst this burn rate is 

half or the required target for burn rates. It must be understood that there is a 

varying degree of balances within the operating parameter to before the 

optimised burn rate is achieved.  This includes obtaining waste fuel with 

significantly reduced moisture content ideally about 5-10% by mass. The 

machine is tuned with the balanced flow rates and ensure that the incinerator is 

reconfigured to allow stuffiest draw out of the chimney stack – this means that 
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that the FD fans are reconfigured and placed with the changes in the appropriate 

pipework to enable the fans to work more efficiently. 

 

Table 17- First test for moving grate 
Time taken 
for 
incinerator 
to attain 
working 
temperature 

Average 
temperature 
primary 
chamber 
°C 

Average 
temperature 
Secondary 
Chamber 
°C 

Pressure 
Secondary 
chamber 
(bar) 

Total fuel 
consumed 
by burners 
(kerosene) 

Amount of 
waste 
incinerated 
In 1 hr 

1hr 700 700 -150bar 

72 (during 

waste 

incineration 

process) 

450kg 

    

147 litres 

total fuel 

consumption 

(including 

warm up) 

 

 

6.5 Physical inspection findings 

The internals of the primary chamber and secondary were visually inspected for 

after the initial 4 hours of testing.  It is noted that prior to the test carried being 

carried out the moving grate system had already gone through a curing process 

in line with the refractory manufacturers recommendations approx. 8 weeks prior 

to the test. The details of the findings are broken down into four distinct area i.e. 

refractory lining, sensors, moving grate and ash collection. 
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The condition of the refractory overall was complete and intact.  Although there 

were a few cracks within the lining – these seemed normal and did not look to be 

too detrimental. However, there were other cracks within the lining which need to 

be investigated further and manufacturers of the lining (Vesuvius) was invited to 

make comments and recommendations on the findings.  On the whole, the 

internal condition of the refectory and associated seals between the major 

component parts are in good serviceable conditions and show signs of normal 

operation Figure 85 and  Figure 86.   There are other what appear to be superficial 

cracks within the centre run of the secondary chamber which runs the length of 

the incinerator - these needed to be verified as 'normal' by the manufacturer. 

 

 
Figure 85 -Refractory surface delamination 
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Figure 86 Cracking of roof of secondary chamber 

 
As can be seen in Figure 86, the simulation shows that the main primary burner 

gas flow is seen ‘hitting’ the first slab of the concrete partition between the primary 

and secondary chamber.  Considering that the initial start-up of the moving grate 

relied on all the burners coming on at once.  Whilst the system is still at ambient 

temperature. It would suggest that the initial increase in temperature 

concentrated on the face of the first slab would contribute towards the fractures 

seem in Figure 88 and Figure 89.  The two smaller burners have a reduced 

thermal power output compared to the single at the front of the chamber. In 

addition to that the surface area exposed t the direct flames are less as well as 

the volume of air being heated is also much larger within that segment. of the 

concrete partition is in direct contact with the burner flame and also. This would 

explain why the other blocks have not shown the same cracks in their structure. 

In Figure 87 the image shows the first baffle in the roof of the secondary chamber 
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which sits above the primary chamber.  After the second burn the condition of the 

baffle is structurally sound with no signs of fatigue de lamination or cracking.  The 

inspection also revealed that a fine powder of ash was deposited with in the floor 

and walls of the secondary chamber which sits above the primary combustion 

chamber. 

 

   
Figure 87- View of first baffle in secondary chamber 

 
The first slab which separated the section of the primary chamber and secondary 

chamber was re -inspected to determine whether any further signs of fractures 

was found from the second test burn when compared to the first.  As shown in  

Figure 88 the underside of the slab exhibited the same cracks as in the first test 

burn and there was no suggestion that the integrity of the first slab was 

compromised.  
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Figure 88- Fracture running underneath first slab 
 

The face of the first slab and the associated fracture as seem in  Figure 89 

suggested that there was little difference between the finding of the first test burn 

and the second.  None of the other partition slabs were affected by the 

temperature in the primary chamber and only impacted on the physical condition 

of the of the first slab.  
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Figure 89- Fracture running in the face of the first slab 

 

The primary chamber first seperation slab can be seen in Figure 90, which show 

the the first slab is not in line with the other slabs and lathough not any  lower 

than the meassured 5mm sepeartion measured at the first tes t burn. Thi immage 

shows that there is difference in the allightment of the first slab – compared to 

that of the remaining five slabs.  
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Figure 90 - Separation of primary chamber first slab 

 
The fiberglass lining bewwen the wall sections of the primamry and secondary 

chamber were in good condition and there was no evidence of degridation and 

reminined intack.  The light powederrf coating is the settlement  of fly ash in the 

primary and secondary chambers. 
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Figure 91-Fiberglass seal 

 

The inlet from the twin augers suggests that the waste fuel being placed into the 

incinerators primary as designed and suggests that the waste fuel is fed into the 

primary chamber in a controlled and consistent manner.  The carbonising of the 

auger blades is normal and suggest that the waste fuel was being partially burnt 

as it was being introduced into the main chamber.   The condition of the auger 

screw blades is in good condition and show no signs of distortion or excessive 

wear. 
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Figure 92- Primary chamber waste fuel augers 

 

The condition of the burners suggest from the carbon deposits the fuel ratio was 

too rich and kerosene has not combusted fully, hence the soot deposits within 

the recesses of the burner ports. This is remedied by increasing the air flow to 

allow for better fuel burn. 
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Figure 93- Carbon deposits in primary burner ports 

 

 

 

The residue fly ash and associated dust was a very fine particulate suggesting 

that combustion process was efficient and complete. The fly as can be seen in 

the Figure 91 and Figure 98 below deposited on top of the water and the feed 

hoppers showing signs of the funnelling process for the fly ash.  The bottom ash 

collection bin showed that the initial operation the moving grate system collected 

the bottom as ash as designed. Although the initial test was unable to determine 

the contents of the ash as some of it was submerged and the deposits in the 

dump bin was too damp to analysis at the point of writing this report.  The large 

parts within the ash deposited on the moving grate consisted of metal pieces, 

ceramics and stones as shown in  Figure 94. 
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The ash from the primary chamber was removed and sieved using a combination 

of 3mm, 2 mm and 1 mm gap mesh. The results showed that the waste RDF as 

contained a significant number of non-combustible materials which represented 

approx. 37.5% of the ash collected. The main component part of this ash was 

metal’s, stones, glass and ceramics and glass fibres.  This has a major impact on 

the performance on the machine with reduced combustion temperature, increase 

in initial fuel going through the burner and mechanical degradation for the augers 

supplying the waste fuel. 

 

 
Figure 94-non combusted debris found in primary chamber ash 
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Figure 95 Remnants of 2mm2 mesh filter 

 

 
Figure 96-remaining ash after the 1mm2 filter 

  



Chapter 6 - Moving grate system 

  175 

 

The ash deposited in the moving grate and the after-convertor belt is collected at 

the end of the process and placing into the collection bins at the end of the 

process. The ash was wet due to the water collection system, but initial inspection 

suggests the contents are like the ash retrieved from the primary chamber.  To 

support this assumption 2 kg of bottom ash was removed from the collection bin 

and dried out to remove as much moisture as possible.  The sieve filtering 

process revealed that the bottom ash content was like that found in the primary 

chamber. 

 

 
Figure 97-Bottom ash collection bin 
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Figure 98 - Bottom ash collection 

 

The placement of the sensors is set in a symmetrical fashion around the primary 

and secondary chambers There are two types of sensors imbedded within the 

incinerator which are temperature and pressure. It was noted that the in some 

cases the temperature transducers protruded into the chamber by approx. 30mm 

and in other cases it was much less.  Advice is sought to determine whether 

thermocouples need to be longer as the temperature readings may be erroneous 

as in some cases the end of the thermocouple does not extend more that 10mm 

into the chamber. 
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Figure 99-Thermocouple protruding 30mm into chamber 

 

As mentioned, the waste was very low grade which affected the temperatures 

inside the chamber where much of the of inert waste was being passed through 

the grate.  If better grade of waste fuel is fed into the system, then higher 

temperatures would be achieved, this may also complicate things slightly with the 

current set up we have.   The reasons for 450kg/h maximum capacity are due to 

back pressure building up inside the primary and secondary chamber due to the 

inefficiencies in the exhaust system. Figure 100 shows the 22kw fan originally 

being used to power the inductor which creates a venturi by moving a mass off 

air up the stack to create negative pressure below the inductor. The calculated 

mass flow off 1000kg/h shredded RDF waste at 1100 °C is approximately 

8000m3/h, for the inductor system to work it would have to supply more that 

8000m3/h up the stack to remove the mass inside the primary chamber.   

From the fan curve chart, the recorded data shows that the system was only 

supplying a maximum of 4000m3/h at the fan outlet (this will be slightly less at the 

stack due to the efficiency of the inductor). 
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Figure 100 - Original fan(L) updated fan(R) 

 
These findings and results are applied to the guidance and best available 

techniques (BAT) outlined in the technical report P4-100/TR to be implemented 

for the design of new incinerators and to determine the validation of combustion 

conditions.  Computational Fluid Dynamics modelling pre-operational condition. 
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6.6 Test number two results  

 

This section follows on from the initial test was carried and is a summation of the 

findings and recommendations from the initial test to determine whether the target 

burn could be achieved to enable the incineration of 1000kg/hr of waste fuel.  The 

previous test managed to burn 450kg/h and the CV findings from a waste fuel 

estimated to be approx. 9MJ/kg due to the amount of inert matter and the amount 

of moisture in the fuel.   

 

The second test was designed to explore whether the reconfiguration of the 

original system set in the first tests would be improved with the incorporation of 

the heat exchanger along with increased sizing in the FD fan and increase in air 

flow rate through the fan supplying ambient air under the moving grate 

mechanism.  The need for ensuring that the performance characteristics are 

recorded and able to demonstrate the that the published specifications are 

underpinned through base line test date and recording are the basic requires to 

meet the legal and contractual requirements. 

 

For the second test, it was determined that the priority was to ensure that the 

incinerator could burn through a 1000kg/h of waste fuel. The waste fuel was 

similar in makeup and consistency of the first test and therefore the comparison 

was based on a like for like waste.  The timing of the test was scheduled to take 

place in the evening to minimise the disruption to neighbours and the rest 

resource included 10 people to monitor safety, loading and recording of data.  In 

this case there was limited time for the test run of 30 minutes and from the 

observed burn rate, extrapolate that the information to determine the burn rate 

capacity of the incinerator.   

 

The original set up to be partly dismantles and reconfigure from the original which 

used a FD fan place on the ground and produced a positive pressure which was 

used in the chimney stack to draw out the exhaust gases the creation of venturi 



Chapter 6 - Moving grate system 

  180 

 

in the exact stack.  As this was an initial framework (which is subject to changes), 

the details were broken down into 5 main headings i.e., stage one - recording the 

date time and model of the machine along with record of the test engineers. Stage 

two, pre-start i.e., the physical check of the machine and the recording of ambient 

conditions along with details of the waste fuel and the burner fuel.   

 

Stage three - is the start-up, where it is recorded time taken to reach operating 

temperatures and pressures in the primary and secondary chambers, external 

temperatures, and burner fuel consumption. Stage four is the introduction of fuel 

and the impact on the performance of the machine in terms of temperatures and 

pressures – this is then managed to ensure that the waste fuel is burnt at an 

optimised temperature and the induction fans and draw fans are modulated and 

to enable the flow of air into the combustion chamber and the draw fans which 

extract the combustion gases and ensure that the primary and secondary 

chambers operated under negative pressure. This also include noting physical 

observations such as sounds, flames, smoke etc during the waste fuel burning 

process.  Stage five is the shut down and physical cold check, noting distortions, 

carbon deposits around seals and flames, leaks, internal lining checks etc. 
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Figure 101- Testing rig for second test with heat exchanger 
 

 
Figure 102- Upgraded FD fan at the end of the heat exchanger 

 

The RDF was non-hazardous waste which was the same used in the first test 

and the consistency in the materials remained the same i.e., that physical 

property at pieces which have been shredded to approach 50 mm2 to ensures 

that it goes through the waste feed system, i.e., the hopper and auger without 

restriction and fouling the mechanical drive system as shown in  Figure 80. In 

addition to this the moisture content of the waste fuel was measures and found 

by 35% moisture which equates to a calorific value (CV) approx. 9.3 MJ/kg for 

RDF with this moisture content.    

 

The burners for the incinerator preformed as designed and as can be seen from 

Figure 103 they all were firing as intended and which shows the reach of the 

flame and the dissipation of the heat. The moving grate fan was situated under 

the grate mechanism was used in this occasion, wired and connected to the 

control panel which allowed it to be modulated and control the air flow under the 

incineration bed. Figure 103 also shows the waste fuel being introduced, but the 
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quality of the fuel was not able to combust for approx. 10 min as the water vapour 

was observed being emitted and contributing to the reduction of the chamber 

temperature as shown in Figure 106.  

 

Once at temperature, the waste fuel was introduced and as can be seen 

previously in Figure 103 – despite the poor quality of the waste fuel, there was 

spontaneous combustion and mixing of gas to produce sufficient self-induced 

turbulence to ignite the waste. 

 

 
Figure 103 - Waste fuel being incinerated 

 
The temperature within the primary chamber rose rapidly from 666°C in the 

primary chamber to   850°C on the chamber as detailed in Figure 104. 
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Figure 104 - Temperature v time in primary chamber 

 

However, it was noted that the readings of the thermocouples varied greatly in 

the chamber as detailed in Figure 105.  This could be for as number of reasons 

which would need further investigation, but interim internal discussions suggest 

that the location of the sensors, insufficient protrusion into the combustion 

chamber and calibration may all be contributory factors to the varying readings.  

This issue needs to be addressed as the burners during the test did not turn off 

when the primary chamber reached its operating normal temperature. This led to 

unnecessary and increased fuel burn and also raises the temperatures in the 

primary chamber to levels which may result in the system operating outside its 

design parameters. 

 

0

100

200

300

400

500

600

700

800

900

0
0

:0
9

.7
2

8
:0

9
.8

5
6

:0
9

.8
2

4
:0

9
.9

5
2

:1
0

.0
2

0
:1

0
.0

4
8

:1
0

.1
1

6
:1

0
.1

4
4

:1
0

.2
1

2
:1

0
.2

4
0

:1
0

.2
0

8
:1

0
.3

3
6

:1
0

.3
0

4
:1

0
.4

3
2

:1
0

.4
0

0
:1

0
.5

2
8

:1
0

.6
5

6
:1

0
.6

0
0

:0
7

.6
2

8
:0

7
.6

5
6

:0
7

.7
2

4
:0

7
.8

5
2

:0
7

.8
2

0
:0

7
.9

4
8

:0
7

.9
1

6
:0

7
.9

4
4

:0
8

.0
1

2
:0

8
.0

4
0

:0
8

.1
0

8
:0

8
.1

3
6

:0
8

.2
0

4
:0

8
.2

3
2

:0
8

.3



Chapter 6 - Moving grate system 

  184 

 

 
Figure 105-Combined thermocouple readings 

 

When the initial waste fuel was introduced, there was clear observed smoke 

emitting from the chimney stack as shown in Figure 106. This plume of smoke 

suggested that the combustion process within the primary chamber was not 

complete or the gas temperature in the secondary chamber was below the 

required 850 °C. This visual observation was further corroborated through 

assessing the readings from the thermocouples.  
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Figure 106- Smoke emitting from stack 

 
This smoke emission was observed when the primary chamber temperature was 

at 666°C.  In the introduction of the waste fuel the temperature dropped to approx. 

586°C. It was observed that the waste fuel did not fully combust and did emit a 

large volume of vapours and also it was observed that a large amount of carbon 

was produced which began to obstruct the viewing port.  

 

This remained the case up for approximately 10 minutes from the time the waster 

fuel was first introduced. However, when the waste fuel did ignite the temperature 

in the primary chamber rose to 850°C + and the fuel on the grate began to 

combust very evenly and the smoke which was originally viewed circulating in the 

primary chamber was not observed any longer.   

 

The smoke emitting out from the chimney stack also disappeared and nothing 

visible was observed during the remainder of the test period as shown in Figure 

107. This test demonstrated that if the temperatures are maintained within the 

optimised levels for the type of fuel being incinerated, the incinerator is able to 
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burn waste at optimised levels whilst maintaining compliance for the environment 

regulations.  

 

 
Figure 107-Chimney stack with significantly reduced visible smoke 

 

The fuel loading into the hopper was done manually as seen in Figure 83 and 

was reliant on a minimum of 5 staff resources to manage the process. Whilst this 

was sufficient for the first test and the subsequent second test, there are several 

health and safety consideration which need to be considered for test #3.  This 

includes (but not limited to) manual handling, working at heights, trip hazards, 

COSHH PPE, fire safety etc.   

 

The total fuel before incineration was measured at 1645 kg and after the test the 

remaining waste mass was measured at approx. 975kg which equate to 

approx.670kg/h in 30 minutes which equates to approx. 1340kg/h burn rate.  

However, it must be noted that the waste fuel did not start to combust for 

approximately 10 minutes and in reality, the burn rate could have been much 

higher if the fuel had been better quality and the incinerator was operated over a 
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longer period to enable the balanid of airflow, temperature and waste flow rates.  

It also must be noted that the operation of the machine was at its limits and a 

would not have normally operated at these extremes.  Particularly since the 

reading of the thermocouples were varying and the burner were always in 

operation during the testing. 

 

The summary of the results of the second test are summarised in the table below 

and show the main and focused on the main points for the test results. 

 

Table 18- Summary of performance  
Time taken 
for 
incinerator 
to attain 
working 
temperature 

Average 
measured 
temperature 
primary 
chamber 
°C 

Average 
measured 
temperature 
Secondary 
Chamber 
°C 

Total fuel 
consumed 
by burners 
(kerosene) 
Litres 

Amount of 
waste 
incinerated 
In 30 min 
hr 

Amount of 
waste 
incinerated 
(projection) 
In 1 hr 

1hr 706 766 

122 (during 

waste 

incineration) 

670kg 1340kg 

 

As can be seen that the target of the incinerator is to burn waste fuel to 

approximately 1000kg/hr.  Whilst this figure in the Table 18- Summary of 

performance exceeds the target figure by approximately 30%. It must be 

understood that this performance is on the outer limits of the operating system. 

Although the indicated temperature reading averaged out at 706°C in the primary 

chamber and 766°C in the secondary – the observations of the performance of 

the machine suggested that the temperature was much higher indicated by the 

exhaust from the incinerator glowing red hot as seen in Figure 108. However, to 

ensure compliance requirements the machine had to demonstrate at least 850°C 

in the secondary chamber and in this case, this was not achieved during the 

testing process whilst trying to meet the target of 1000kg per hour burn rate. 
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Figure 108 - Exhaust pipe glowing red with heat 

 

The temperature was hot enough for the FD fan placed at the end of the heat 

exchanger to have the label damaged by the heat as shown in Figure 109. This 

is additional evidence to support the assumption that the temperatures generated 

in the primary chamber are greater than those recorded by the thermocouples. 

The temperature was high enough to melt the label on the casing of the FD fan. 
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Figure 109 - Scorching of label of FD fan 

 

The reason for the potential erroneous readings is that the thermocouple probes 

do not protrude into the chambers sufficiently record data accurately as shown in  
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Figure 110 - Thermocouple protrusion into the chamber approx. 30mm 

 

It is suggested that longer thermocouples are used to allow for more accurate 

readings and also to place a thermocouple into the exhaust pipe coming out from 

the incineration chamber. By have a thermocouple placed into the exhaust it will 

give a independent reading of temperatures from those recorded in the primary 

and secondary chambers and it also allows for better protrusion of the sensor into 

the pipe without the interference from refractory. 

 

The parasitic load is estimated at this point and do not reflect the final design, 

and this will be revised in subsequent tests and analysis. However, for the 

purposes of the report the table below sets out the case for the various electrical 

loads on the system. It must be noted this information is indicative and do not 

reflect the longer-term operation of the system. This will need to be determined 

with further testing. 
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Table 19 - parasitic load 
Item Power rating Comment 

Control panel 1 kW Peak power rated 

Manifold fans x 2 2 x 0.37 kW Peak power rated 

Heat exchanger ID Fan 37kW Peak power rated 

Heat exchange cooling 

fan 
5.5kW Peak power rated 

Hydraulic motors x 2 2x1.5kW Peak power rated 

Moving grate fan 4kW Peak power rated 

* Moving grate conveyor 

(ash collector) 
1.5kW Peak power rated 

Augur feeder 5.5kW Peak power rated 

Burners x 2 max 25 2x 500kW Peak power rated 

Burner max700 1.5kW Peak power rated 

Total 60.74kW 

These are peak values 

rated on the motors 

normal operation will be 

estimated at 50% or 

less as not all the 

systems are running at 

peak and some are 

intermittent 

 

The internals of the primary chamber and secondary were visually inspected after 

the second test. The findings for the first test were reported to Vesuvius who were 

the manufacturer and installers of the lining and a subsequent inspection was 

carried out by Vesuvius based on the findings within this thesis.   

 The feedback from Vesuvius suggested that the visible fractures found in the 

refectory were superficial and suggested the system was being operated 

normally.  
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As a result of the second test, another inspection was carried out and the cracks 

and gaps identified in the first test had not deteriorated any further – which 

suggested that the integrity of the refectory lining was intact and in line with the 

manufacturers expectations.  As can be seen in Figure 111, the first slab within 

the roof of the primary chamber has lowered by 5mm when compared to the other 

slabs. The fracture seen in the image extends from the rear of the slab as shown 

in the image towards the front and rises vertically on the front of the face as shown 

in Figure 89.  

 

 
Figure 111- fracturing of the first slab of the primary chamber 

 
Other areas where fractures appeared were in the roof of the secondary chamber 

and can be seen in Figure 112, In this image it appears that the area or surface 

was subject to high temperatures and where the thermal tensions within the 

structure were significant enough to cause stress which resulted in small sections 

missing and delaminating. These sections will need closer monitoring as the 

system is brought into full operation to determine an inspection and maintenance 

schedule.  The additional issue also to consider, particularly for this section is the 

creation of hot spots on the external surface of the incinerator.  This will lead to 

the deformation of the external structure and the overall performance of the 
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incinerator where heat spots will appear on the external cladding and having cold 

spots within the primary and secondary chambers. 

 

 
Figure 112 - examples of missing refractory 

 
Additional delamination of the internal lining suggests that the high temperatures 

experience within the secondary chamber as shown in Figure 112 and Figure 113 

illustrates that there has been further delamination in the furthest point of the 

secondary chamber, prior to the gases exiting from the system.  
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Figure 113 - Superficial fracture at the end of the secondary chamber 

 
The inspection also revealed that other parts of the roof the secondary chamber 

has sections which delaminated during the testing processes. As seen in Figure 

114, the chamber shows the inlet ports which are redundant and blocked off 

externally and not used in the combustion process.   

 

However, the image shows delamination of a small area at the junction of the two 

main sections underneath the ports.  However, it was noted that the delamination 

was not more significant in deterioration when compared to the first test run. 
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Figure 114 - No further loss of lining when compared to first test 

 
The inspection doors seen in Figure 115 shows the condition of the concrete 

insert and the surface where delaminated has occurred.  It also shows 

carbonisation on the outer edges. The carbonisation is a result of partially 

combusted gases which seemed to have exited from the primary chamber 

suggesting that the fire rope seal has not made sufficient contact to reduce the 

gases exiting out of the primary chamber compartment. 
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Figure 115 - Lining of inspection chamber door 

 

Closer inspection of the fire rope in Figure 116 shows the uneven compression 

in the corners of the doors where combustion gases are escaping and leaving a 

carbon residue as a result. The result of this ism that internal hi temperature partly 

combusted uncontrolled gases are escaping the primary chamber which reduces 

the internal gas temperatures and also means that the air inlet fans have to 

consume more power provide the ambient air to support the main combustion 

process. 
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Figure 116 - Signs of loss of lining in the on the inspection door 

 
The matching of the inspection door to the outside section of the primary chamber 

is shown in  Figure 117 and shows where high temperature gases escaped the 

primary chamber and the associated degradation of the concrete lining with the 

associated carbon deposits in the corner which match those of the door as shown 

in Figure 116. Also, it can be seen that in the corner the fire rope seal has not 

fully contacted the outer chamber – this loss of contact is consistent with the other 

marks found in this part of the chamber. 
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Figure 117 - Refectory lining inspection door and incinerator chamber 

 
The refractory on the whole has stayed intact since the first test – there are signs 

that the inspection door is losing internal heat energy and pressure from the 

primary chamber. This not only reduces the efficiency of the primary chamber of 

thermal efficiency, but also creates a hazard for operators who may be subject to 

high temperature gases which are partially combusted entering in an uncontrolled 

fashion into their working environment.   

 

There is a danger that these gases can continue to build adversely impact the 

health of those operating the waste incinerator.  As a result of these findings a 

redesign of the inspection door was undertaken.  

 

The redesign was based on a ‘plug’ door configuration where the inspection door 

surface was extended into the chamber aperture and thereby taking up the 

aperture volume.  By doing so it cleared a better seal as the combustion gases 

had less gaps to bypass and the internal primary chamber volume remained 

unaffected. This also ensures that the fire rope was able to fit flusher with the 

outside surface.  
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After the second test it was noted by the workshop technician that an oily residue 

was leaking onto the floor coming from the junction between the heat exchanger 

and the FD fan coupling.  The components were dismantled and within the 

inlet/outlet of the FD fan a yellow waxy deposit was seen as detailed in Figure 

118Figure 119 and Figure 119. Samples of this residue would need to analyse 

separately to understand what the material was and whether the operation of the 

incinerator or the original waste fuel was causing the deposits to form. 

 

 
Figure 118 - FD fan inlet 
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Figure 119- FD fan outlet 

 
Samples of the deposits have been taken for analysis – but at the point of writing 

this thesis, there were not sufficient resource to enable the samples to be 

independently tested. At the moment it is thought that the deposits resulted from 

poor combustion at the initial stages of the incineration process which produced 

the smoke shown in Figure 106.  

 

It is thought that these gases condensed as the surfaces were cold at the time 

and as the system will run over a longer period and further deposits will be 

minimised and the existing deposits will be dislodged over a longer operating time. 
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The condition of the moving grate plates was good with no signs of missing steps 

or adverse deformation of the component parts. However, it was noted that there 

was significant amounts of stone, glass, ceramics, and metals lodged within the 

keys of the moving grate. It is anticipated that over a longer period, the constant 

friction of the debris within the moving grate is likely to deteriorate moving parts 

of the system which will either have to be repaired or replaced. At the point of 

testing the machine, it was not feasible to give a realistic maintenance schedule, 

and this can only be determined once the system has been in operation  
 

 
Figure 120 - Moving grate 

 
The inlet from the augurs suggests that the waste fuel being placed into the 

incinerator primary chamber was able to handle the increase in the mass from 

450kg/h to 1340kg/h. Although this will need to be monitored and tested over a 

longer period to determine overall performance and longevity. It was also noted 

that the high temperatures in the primary chamber had not penetrated back into 

the waste fuel auger system and ignited the fuel in the supply line  
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Figure 121 - Augur condition 

 

The placement of the sensors is set in a symmetrical fashion around the primary 

and secondary chambers There are two types of sensors imbedded within the 

incinerator which are temperature and pressure.  It was noted that the in some 

cases the temperature transducers protruded into the chamber by approx. 30mm 

and in other cases it was much less.  Advice was sought from the manufacturers 

to determine whether thermocouples need to be inserted deeper as the 

temperature readings may be erroneous as in some cases the end of the 

thermocouple does not extend more that 10mm into the chamber. 

  



Chapter 6 - Moving grate system 

  203 

 

The test set out to determine whether the Moving Grate system was able to burn 

1000kg/h of RDF. The performance of the machine over a 30-minute period 

suggest that it has the capability of meeting and exceeding the 1000-kg/h target. 

There was a combination of factors which helped to reach the target which 

included having the ID fan under the moving grate supplying ambient air to help 

with the combustion. Also, the redesign of the exhaust and having the higher 

rated FD fan coupled to a heat exchanger helped to increase the incinerator 

combustion efficiency.  

 

The temperature was understood to be higher than the recorded temperature 

(based on the observed red glow of the exhaust and the inlet to the heat 

exchanger) which helped to ensure better combustion and reduction of smoke – 

despite the waste fuel quality. However, this was a heavily constrained test with 

the primary focus of meeting the waste burn rate target. There was no pollution 

control system, and the heat exchanger were too small which limited the 

operating performance of the FD fan.  The physical integrity of the incinerator was 

not compromised during the test. The test results show that with the current 

configuration the incinerator burn can burn 1000kg + within an hour. These 

results are very basic as they need to have a longer running time to work a more 

accurate average performance figure.  

  

6.7 Second Test Conclusion 

The finding with this second test suggests that the capacity of the moving grate 

to burn 1000kg/h is achievable, even with low quality RDF.  However, there needs 

to be longer running time to determine a more accurate test results which are 

consistent.  The development and development of a configuration of secondary 

chamber, heat exchanger, pollution control and FD fan which balance the moving 

greater system functioned as designed ant there are no visible mechanical 

distortions because of the second test. This will have to observed over several 

tests runs to ensure that it continues to operate as intended.  The cracks within 

the concrete lining within the primary and secondary chamber need to be 
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monitored after every test to ensure structural integrity and to notify Vesuvius if 

any deterioration occurs.    

6.8 Environmental compliance  

This section highlights the report supporting the energy from waste and waste 

incineration compliance.  This report follows the guidance and best available 

techniques (BAT) outlined in the technical report P4-100/TR to be implemented 

for the design of new incinerators and to determine the validation of combustion 

conditions.  As the guidance given is in draft form, this report follows the steps as 

outlined below.  

 

• Computational Fluid Dynamics modelling pre-operational condition  

• Validation methodology  

• Validation report  

 

The information contained within the report places a framework on the BAT 

guidance into ensuring that designs and associated validation and subsequent 

report justify the performance of the incinerator.  The feedback received from the 

Environment Agency required clarification of the following points.  

 

• Residence time after the last injection of combustion air  

• Qualifying Secondary Combustion Zone (QSCZ)  

• Indication of starting point of where the temperature exceeds 850˚C 

and the point at which the temperature drops below 850 ˚C.  and expected 

verification point. 

 

Most favourable and unfavourable conditions as outlined in Table 21- 

Comparison of performance based on EA MCR guidance Table 22 - 

Demonstration of differing operating conditions .  
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6.9 Computational Fluid Dynamics (CFD) Modelling  

The CFD modelling software used to determine the performance of the 

incinerator will be ANSYS fluid CFX. The software allowed the measurement of 

temperature gradients, pressures, and flow rates within the primary chamber and 

also the secondary chamber. It can also model the flow rates through a heat 

exchanges (if fitted) and any ancillary pollution control unit.  ANSYS is a well-

established software model which is used throughout the industry to determine 

design and performance characteristics – it allows the modelling of very complex 

systems into an easy-to-understand format, for a range of technical and 

nontechnical audiences. 

 

The furnace diagram Figure 122  shows the primary chamber for the moving grate 

system consists of a double auger which supplies refuse derived fuel (RDF) at an 

optimal operating rate of 645kg/hr. The calorific value (CV) for RDF ranges from 

9MJ to 19MJ depended on a combination of the fuel constituent parts and the 

moisture content. The primary chamber has 3 burners which heat the chamber 

to minimum 850°C- 1000°C (1123.15K-1273K) before the RDF is introduced. The 

primary chamber has fuel fed through an auger system which allows the lighter 

particles to fly within the chamber and ‘flash’ combust due to the air introduced 

from under the grate. This process is further aided by a combination of primary 

air flow above the area of the burner as well as a secondary air source below the 

moving grate. The extra air forces other heavier particles to remain suspended in 

the primary chamber, allowing more heat absorption due to increase in the 

surface area of the fuel exposed to oxygen, which provides an opportunity for 

better combustion. 

 

The secondary chamber designed above the primary has a volume of 17m3.  

There is no additional air other than the combustion air entering the secondary 

chamber directly from the primary chamber. Further to this and to aid higher burn-

rates, there is the need for an additional secondary chamber extension which has 
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baffles designed into the chamber to allow for mixing of gases, further increasing 

the optimal residency time. 

 
Figure 122 Primary chamber with demarcation into secondary chamber 

 

The CV of the test RDF is estimated to be an average of 15MJ/kg and the 

assumption are set around this value for calculations. 

  

Primary air is supplied from under the moving grate mechanism. The supply of 

air under the waste fuel allows for smaller particles to be lifted off the moving 

grate and into the primary chamber, thereby increasing the surface area of the 

waste fuel exposed to high temperatures. The secondary purpose is to maintain 

cooler temperatures of the moving grate metal work, thus extending the life of the 

equipment. 

 

The primary air inlets were through inlets, i.e., from under the moving grate, 

designed to help oxygenate the waste from under the moving grates and the 

manifold above the waste to oxygenate the waste fuel from above as shown in 

Figure 123.  

  

  

  

  

  

  

  

  

  

  

  

Secondary chamber 

  

Primary chamber   
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Figure 123 - Primary air chamber 

 
The details in Figure 124 shows flow of air stream at differing temperatures within 

the primary and secondary chambers and the paths taken take based on the 

simulation of combustion. The cold ambient air is represented by the blue colour 

and the higher the temperature, the more towards the red colour the gas streams 

appear. 

 

 

Primary air inlets  
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Figure 124 – CFD of primary air inlets 

 

Secondary air is supplied to the waste fuel from side manifolds as shown in which 

sit above the fuel bed.  This helps to support the combustion process and allows 

for mixing of the combustion gases, ensuring that the temperature gradient is 

homogenous within the primary chamber.  As seen in Figure 125 the plan shows 

the ambient air being introduced into the primary chamber. The grading on the 

left had side of the image shows the velocity of which ranges from 0m/s shown in 

blue to 50m/s shown in red. The inlet to the manifold is a 30- 35 m/s and with the 

inlet ports coming into the primary chamber ranging from 5- 15m/s. 
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Figure 125 - Secondary air inlet manifolds (plan view) 

 

Both primary and secondary air can be modulated to increase or decrease the 

volumetric flow rate to maintain optimised combustion, based upon an oxygen 

sensor placed in the exhaust which feeds data into the fully automated control 

system. 

 

Table 20 sets out the simulated/calculated parameters within the primary 

chamber and are indicative performance indicators of the system: it assumes a 

calorific value (CV) of the waste fuel. As this system is not based on a steam 

boiler, there is no information offered on this section. The furnace vapour 

chamber i.e., the primary chamber volume is given along with the secondary 

chamber volume.   The flow rate is based on the flow rate of ambient Aire for the 

combustion of 645kg/hr and the m3/hr airflow and the associate oxygen volume 

i.e., 20% of the total air. The average bulk temperatures and the associated 

residency time in the secondary chamber are also highlighted with the table. 
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Table 20- Performance summary table 

Parameters Values Comment 

CV 15MJ/kg This based on the average 

value of CFD (just for 

calculation purposes) 

MCR (Max Continuous 

Rating as Steam Output 

from the 

boiler) 

This is not applicable – as 

there is no boiler 

integrated into the 

system 

There is no boiler fitter to 

this system and will not 

generate heat to power a 

turbine or space heating 

application. 

Furnace vapour space 15 m3 – primary chamber This the internal volume 

available in the primary 

chamber for the incineration 

processes 

Secondary chamber 

volume 

23.8m3 Total available volume for 

gas retention within the 

secondary chamber 

(inclusive of additional 

baffled chamber) 

Flow rate (Am3/hr) 23,220m3/hr 

 

The actual flow rate based 

on 

645kg/hr RDF 

Furnace oxygen 4,876m3/hr oxygen Based on the air flow rate 

(23,200 m3/hr) to consume 

the fuel 

Predicted mean bulk 

temperatures 

960°C This temperature is 

averaged out across the 

different fuel burn rates. 

Residence time  

Average 6 seconds (CFD) 

This is based on 

temperature and the volume 
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of the gases within the 

secondary chamber 

exchange within the primary 

chamber using CFD 

analysis. 

Residence temperature 

 

850°C 

 

This is the average minimum 

temperature within the 

secondary chamber 

 

 

The incineration system has a secondary chamber which is designed to retain 

gases expelled from the primary chamber for a minimum of two seconds. To 

ensure consistency to where the QSCZ starts and finishes, the start point of the 

secondary chamber is directly above the primary chamber after the injection of 

the last air combustion.  

 

This measures 17m3 and continues into the additional secondary chamber which 

measures 6.8m3 giving a total of 23.8m3. Please note that both secondary 

chambers have baffles which cause turbulence and delays within the airflow 

allowing for longer retention time.  

 

There will be no additional injection of air in either of these secondary chambers. 

There is sufficient mixing of the gases through inherent induced turbulence 

generated by the friction of the chamber walls, mixing of primary air and 

secondary air as well as baffles.  Not only does this mix the gases, which ensures 

that there are delays in the gas flow, it also demonstrates homogenous 

temperature distribution to ensure a minimum of 850°C throughout the secondary 

chamber.  
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Figure 126- Particle tracking plots 

 

The plots detailed in Figure 127 show the gas flow and retention times within the 

QSCZ.  As can be seen, the retention times within the secondary chamber range 

from 12 seconds to 2.09 seconds for a range of fuel burn rates which range from 

194kg/hr to 1013kg/hr.   The retention time averages are illustrated in Figure 127 

that retention time is approximately 5-8 seconds under normal operating 

conditions. Even with a fuel burn of 1013kg/hr conditions i.e. 57% above the 

normal operating conditions the retention time was at 2 seconds.   
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Figure 127- Average retention times across fuel burns 
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Figure 128- Air density plots 

 

The air density plots Figure 128 show the changes in air density through the 

incinerator at differing waste fuel burn rates. Whilst this is not part of the BAT 
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requirements, it allows the analysis of data for the design and incorporation of 

external components such as heat exchangers, pollution control and Organic 

Rankine Cycle generators etc. 

 

 
Figure 129-Average temperature distribution plots 
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Figure 130 - Temperature mixing above 850°C plot 
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The mixing of the temperatures shown in Figure 129 and  Figure 

130demonstrates the average temperatures at differing waste fuel burn rates 

remain above 850°C within the system and that the temperature distribution 

within the system remains consistent at all levels of burn rate.  The combined 

volumes of the secondary chambers are 23.8m3 and the QSCZ total volume is 

therefore 23.8m3.    

 

Allowing for 23,220 m3/hr i.e., 6.45m3/s the retention time is calculated to be 

approximately 3.6s under normal operating conditions; this is theoretical and 

does not consider the turbulence, surface friction and gas stream vortices which 

will be generated when the gasses flow through the system and likely cause the 

retention time to increase further. 

6.10  Performance Summary  

 

The operating modelling was set out as follows with the maximum continuous 

rating (MCR) set at 645kh/hr and a 10% above (high) and below (low) 

comparison: 

 

Table 21- Comparison of performance based on EA MCR guidance 

Low (MCR) MCR High (MCR) 

580.5kg/hr (90%of MCR) 645kg/hr (MCR) 709kg/hr (110% of MCR) 

8s Retention time 6s Retention time 4s Retention time 

850°C in QSCZ 

maintained by auxiliary in 

PC burners (if required) 

850°C in QSCZ 

maintained by auxiliary in 

PC burners (if required) 

850°C in QSCZ 

maintained by auxiliary in 

PC burners (if required) 

 

During CFD modelling, the MCR guidance boundaries were further pushed to 

model the maximum possible burn rate whilst still maintaining compliant retention 

time.  This is purely illustrative, to prove the capabilities of the equipment in 

exceeding guidelines: 
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Table 22 - Demonstration of differing operating conditions  
Low Normal High 

194 kg/hr RDF 645kg/hr RDF 1013kg/hr – RDF 

12s Retention time 6s Retention time 2s retention time 

 

Unfavourable condition   

 

In this scenario, the mass flow rate of the waste fuel at 1013 kg per hour, is a 

high-level condition set out in Table 22 and Table 23,. This is to assume varying 

waste fuel considerations and could be due to a number of reasons e.g., the fuel 

has a high CV and low moisture content, the particles are adequately shredded 

and contain RDF which has minimum non-separation of fuel particles due to 

moisture or additional compounds which ‘clump’ the particles together.  The 

normal MCR will be set at 645kg/hr. However, the 110% MCR of 709kg/hr gives 

a retention time of 4 seconds.  

 

If the load increases due to the possibility of having higher density and more finely 

shredded fuel, this will increase the internal temperatures of the incinerator and 

increase the flow rate through the primary and secondary chambers.  Whilst 90% 

of the MCR will return a retention time of 8 seconds, in both cases the secondary 

chamber temperature will maintain 850°C and comply with the 2 seconds 

residency time.   

 

The reduction in further waste fuel burn will also reduce the airflow into the 

secondary chamber and lead to greater retention time. Any reduction in 

temperature will be offset by the burners igniting in the primary chamber to ensure 

sufficient temperature in the secondary chambers.  The temperature conditions 

will be assessed at the opposite end of the firing envelope, measuring 

temperature and pressures along with the flow rates.   
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The ANSYS modelling data for the loading conditions confirms the operating 

parameters through the collection of data associated with flow rates, retention 

times temperature and pressure within the primary and secondary chambers.  In 

this case the load modelling is set around a number of factors which are readily 

achievable within the testing and characterised by parameters i.e. temperature, 

pressure, gas velocity and waste fuel burn rates. 

 

The start-up will be modelled on the existing data which is available on similar 

models. The empirical evidence shows the times taken for the incinerator to come 

up to operating temperatures along with the amount of fuel which is consumed 

by the burners. From this information we can determine a range of parameters 

which include oxygen requirements. Conversely, at the shutdown stage, we have 

empirical data which informs the time taken for the internal temperature to reduce 

from operating conditions to ambient temperature.  Also, unburnt waste can be 

collected to determine the lack of oxygen in the system which contributed to the 

mass of any unburnt waste.  

6.11  Validation results for Environmental Agency compliance 

This results section addresses the requirement for compliance for small scale 

incinerators by the EA and the associated validation criteria applied to the moving 

grate system. 

 

The validation process sets out and qualified the parameters to be tested. The 

process will take sample fuels and measure its CV and density prior to loading.  

There was sufficient waste fuel to ensure that the validation process can be 

completed and allows for a minimum of 24hrs of incineration operation which will 

allow sufficient data collection.  The validation established a scenario of varying 

the loads between three main parameters i.e. Low, Normal and overload as 

outlined in Table 22 - Demonstration of differing operating conditions . 

 

Residence time validation  

The option to consider the method to determine gas flow resident time in the both 

the primary and the secondary chambers will be determined by the initial CFD 
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modelling results.  However, a port is available for the validation of the retention 

time at the start of the QSCZ and a port at the end of the QSCZ. At the moment, 

under consideration is the helium plug flow method as the preferred option Figure 

131.  

 

 

 
Figure 131 - Position of monitoring ports for the QSCZ  

 

 

These ports can be relatively easy to install and maintain during the 

manufacturing process and will allow empirical data to be obtained and compared 

to the CFD model for the various load conditions during the testing phase of the 

incinerator. In addition to this, there is no further mixing of gases from the primary 

to the secondary chamber as it is uniform in its shape which allows for a simplified 

measuring and calculation process.   

 

The empirical data will be compared to the CFD analysis and data will be plotted 

against the two findings.  Once the data has been plotted the CFD modelling 

parameters will be adjusted to meet with the empirical data and further tests will 

be carried out to corroborate the information.  

The method for calculating Am3/hr, Am3/Hr is actual flow rate mentioned as m3/hr. 

Normal flow rate NM3/hr is corrected to temperature and Pressure. Normal flow 
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is derived by Normal Flow Nm3/hr = (Actual Flow m3/hr)* (Temperature 

Correction) * (Pressure correction).  

 
The primary chamber and the secondary chamber are designed using computer 

aided design software (CAD). The detailed design will show all the ports where 

the burners are to be installed and details of where the fuel is introduced into the 

primary chamber along with details of cross section of the incinerator lining and 

the shape of the throat, combustion chamber, moving grate etc. In addition to this, 

the mapping will highlight the locations of the thermocouples and other data 

gathering sensors placed with the chamber in compliance with technical report 

P4-100.  

 

Much of the technical equipment will be in line with the technical report P4 and 

which is listed below: 

  

Table 23 - technical equipment requirements 

 Equipment   Justification  

•  CO2 monitor  •   Measure the emission 

•  02 monitor  •  Oxygen content at the exhaust 

•  Pressure sensors  •  Measure internal pressures 

•  Data logger  •  Record the data in real time 

•  Sensor control panel  •  To ensure sensors are wired 

      correctly and interface with data 

logger 

 

Process control equipment  
 
The incinerator systems are controlled by a central PLC control panel.  The 

system once set, controls the temperatures, fuel loader, air flow and the burners 

within the incinerator.  The control panel is identified as a CE 7 system (although 

this model may change). System parameters are calibrated prior to and during 

the validation process.  This is undertaken at the initial stages when the system 
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and its component parts are checked and housed correctly.  The start-up process 

ensures fuel flow through to the burners and the temperature rises are compared 

with previous data.  Temperatures within the furnace are determined by installed 

thermocouples and temperatures are displayed on the control screen.  Burners 

raise the temperatures to 850°C, before the RDF is introduced into the primary 

chamber.  The primary chamber temperature is then maintained through the 

incineration of waste fuel and occasionally supported by the firing of burner if the 

temperature falls below 850°C.  Safety locking features can be installed to ensure 

that waste is fuel is ‘locked out’ and cannot be introduced until the incinerator is 

up to correct temperature. 

 

The proposed tests are set around a 24-hr operation and will test the incinerator 

with a low, normal and high load scenario. There should by three tests in total 

and the burners will not be operating in the primary chamber during the test 

phases to ensure that the data collected reflects the normal operation of the 

machine.   

6.12  Validation report  

The final validation findings included the following information from the testing of 

the incinerator and to ensure that the performance meets the expected demands 

and compliance regulations.  

The details included information as listed below:  

• Time taken to reach operating temperature  

• Consumption of fuel used by the burners at start up  

• It will also include a case load result for:  

o waste fuel burn rates 

o Temperature within the QSCZ  

o Residence time within the QSCZ  

o Volumetric furnace flow through QCSZ (Am3/s) 

Oxygen concentration  

Ratio of mass of original fuel mass compared to recovered ash  

Physical condition of the primary and secondary chamber using borescope and 

visual inspection where possible.  Excluded data included equipment fouling as 
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it is difficult to predict at the time of testing as to how much will accumulate over 

a period, which is also dependent upon the type of fuel used and also the 

operation of the incinerator.   

 

Other excluded data will be air flow, which is introduced or exhausted through the 

various manifolds pipe junctions, doors etc as this will be difficult to manage and 

record.  It is assumed the seals are intact and function as designed. There will be 

regular visual and auditory inspections during operation to identify any leaks or 

external uncontrolled air being introduced into the system. 

 

Measurement uncertainties were based on the tolerance of the sensors and the 

test equipment detailed by the various component manufacturers. These will be 

averaged out to determine an overall uncertainty and the report will highlight the 

percentage variance, taking in to account all operating parameters. This will be 

placed into a comparison table as part of the report.  

Raw temperature data  

 

Raw temperature was monitored through the control panel which has an inbuilt 

data logger and real time visual display used to determine comparison graphs 

and performance against time.  Data from CFD and actual testing was compared 

and a table with graphs will be produced, with any variances highlighted and 

explained. Empirical data will then be used to program software parameters to 

determine whether variances are reduced. The report will focus mean and peak 

residence times within the testing phase.  

 

The report was summarised and discussed for the validated residence times 

which was based on temperature, pressure and understanding the volume of the 

QSCZ. Validation using an independent analyst to undertake a helium plug flow 

test.  In addition to this, detail of the waste fuel was included into the firing diagram. 

This allowed a simplified version to show the relationship between the CV and 

the residence times within the incinerator QSCZ.  

 

Assessment of validated results at specific operating conditions  
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The assessment report followed the guidance detailed in the firing diagram 

parameters as outlined in the CFD Pre-Op Condition. Which enabled the study 

and critique of the CFD modelling and identify any change in software parameters 

to allow for more accurate results.  

 

This can be done in several ways i.e., through in-house assessment, external 

agency or through and academic association.  

The study highlighted the impact of fouling and the associated residency within 

the primary and secondary chambers. Comprehensive maintenance manuals 

should highlight the need for regular inspection and the removal of built-up carbon 

deposits and other residues to ensure efficient combustion. 

 

6.13  Design amendments 

There are two suggestions for the redesign of the primary chamber are shown in 

Figure 132 . The airflow manifold should be directed directly onto the waste fuel 

sitting on the moving grate.  The vertical concrete block marked in read shows 

the additional extension required to stop cold air by passing the primary chamber 

and cooling the hot gases which are moving from the primary chamber into the 

secondary chamber.  
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Figure 132 - Proposed design changes 
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7 ORGANIC RANKINE CYCLE (ORC) INTEGRATION. 

This section is based upon the finding associated with performance data collected 

through burning waste and the discussion had with manufactures of ORC’s and 

heat exchangers.  

 

In this research meetings were held with ElectraTherm who manufacturers of 

expanding screw ORC generators are who want to integrate a incinerator which 

was environmentally compliant and had sufficient through put of waste to release 

energy to drive the ORC generator.  The ORC makes fuel free electricity from low 

temperature waste heat. It uses hot water to generate electricity through a closed 

loop cycle (Organic Rankine Cycle).  As shown in Figure 133 [75], heat from the 

incinerator (or any other source) is introduced into the system shown by the red 

arrow.   

 

The heat energy is used to heat the working fluid and evaporate the fluid into a 

gas as shown in section 1. The expanded gas increases in pressure which in 

used to drive twin screw expander which is connected to a generator as shown 

in section 2. The screw expander is linked to an electrical generator which is 

rotated, and electricity is generated.  The high-pressure gases returned into the 

condenser as shown in in section 3, where the gas is condensed back into liquid, 

which is then pumped around the circuit to start the process all over again. 
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Figure 133 - ElectraTherm ORC system 

 
 

7.1 Case study energy from waste 

An operational site was visited (Vine tomato grower Geurts Boddenbroek 

95808AK Oirlo Netherlands) which used biomass for the fuel source. The grade 

of the biomass and its calorific value was unknown at the time of the visit.  

However, the initial findings and observations were indicative of a clean and well 

managed facility which was well laid out and essential a safe working 

environment.  The site used biomass fuel to generate stored hot water as well as 

generate electricity.  

 

The use of the energy was for the growing of variables and the need to ensure a 

carbon neutral and non-reliance on fossil, fuels was achieved where possible.  

The web link gives details of the company and the used of the CHP they use and 

the associated efficiency and the ‘green’ credentials for their business operations.  
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The initial visit to the site, it was observed that the system was shut down and 

was in maintenance mode. Although we couldn’t observe.  The biomass fuel is 

placed into a large storage facility which is accessed by conventional larger scale 

lorry deliveries. As the fuel is delivered, it is pushed forward by a bulldozer 

machine towards the back wall as the fuel is used and new fuel is introduced.  

TRIOGEN in operation. We were able to look around the facility and determine 

how the TRIOGEN system integrated into the incinerator system. On the second 

visit one of the two TRIOGEN ORC’s was operational and the detail below shows 

how the system functioned.    

 

The waste biomass is stored in a large shelter and deliveries are made by large 

articulated lorries which deposited the fuel at the entrance to the waste 

incineration plant as shown in Figure 134. The main feed augur is on the far side 

of the storage area and a small mechanical digger is used to pile up the fuel as 

the far end by pushing the fuel from the entrance towards the auger feed 

mechanism. As the pile at the far end of the storage area diminished that more 

fuel is pushed forward to maintain the pile. 

 

 
Figure 134 - Waste fuel storage 
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The feed mechanism shown in Figure 135 shows a hydraulic vertical ram which 

pulls waste from the waste storage area piled up at the far end of the storage 

area into the screw feed running horizontally at the bottom a dug out channel. 

The pitch and spacing of the augur ensure that a measured amount of waste is 

presented to the incinerator further down the line.   

 

 
Figure 135 - Feed mechanism  

 
Once the waste is pulled forward by the particle ram and drop the waste into the 

screw augers situated in the bottom of the trough as shown in Figure 136. These 

screws then move the waste fuel into another screw auger, which then lifts the 

fuel into the primary chamber. The turning of the screw is synchronised to ensure 

that fuel is introduced into the primary chamber at an optimised rate to maintain 
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the temperatures and the optimised combustion to enable the systems as a whole 

to work efficiently. 

 

 
Figure 136 Feed augur for primary chamber for left hand incinerator 

 
As can been seen in Figure 137 the lower part of the picture shows the screw 

auger as a black coloured pipe entering the primary chamber. Enclosed within 

the in the pipe is the screw augur which is transferring waste fuel from the main 
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storage area into the primary chamber which is seem as a green box within the 

picture. To the left of the of the green box is the FD fan chich supplies combustible 

air to the fuel and the to the right of the picture is seen a white contained which 

holds fire suppressant materials on the case of fuel igniting in the supply pipe. 

 

 
Figure 137 Fire suppressant system 

 



Chapter 7 – Energy from waste 

  232 

 

The ash collection bins are fed by screw augers which remove the built-up ash 

which is deposited underneath the primary chamber grate.  As the ash is from 

the incineration of biomass, it is collected and used as a natural fertiliser or mixed 

with soil as part of the full cycle energy from waste process and the use of any 

by-products generated. 

 

 
Figure 138- Ash collection bin 

 
The heat generated from the combustion process is protected from escaping into 

the environment through the use of external thermal lagging of the exhaust pipes 

as shown in Figure 139.  This ensures that the temperatures are maintained as 

high as possible and the thermal energy is fed to the ORC generator heat 

exchanger to drive the ORC and allowing the generation of electricity. 
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Figure 139 - Pipe lagging system 

 
 

The thermal energy which is released from the combustion process is fed into the 

Triogen system as shown in Figure 140. The thermal energy from the original 

combustion process is fed into the TRIOGEN heat exchanger and is used to heat 

up a working liquid know as Toluene. This liquid once heated and expands into a 

gas.  The increase in pressure then drives and internal turbine which is connected 

to an electrical generator.  As this generator turns it generated electricity and as 

the gas which originally came in as high-pressure leaves the turbine at low 

pressure and then condenses through another heat exchanger. As the gas now 

cools it returns into a liquid and is pumped back through the main heat exchanger 

to start the cycle again.  The process is a closed loop process and given and is 

named after William John Macquorn Rankine.  



Chapter 7 – Energy from waste 

  234 

 

 
Figure 140- Triogen ORC system 

 

The display screen shows the flue gas entering the TROGEN entering the at 

388°C at the initial heat source and exiting the system at 232°C i.e., a difference 

of 156.5°C. The thermal energy in the TRIOGEN is used to heat a working fluid   

to drive a turbine connected to a generator.  The electrical output from the system 

at this point is shown to be 88.22 kW of electrical energy. Once the working fluid 

has expanded and increased the pressure and latent heat t used to drive the 

turbine, the condensed liquid has reduced its temperature from 166.5°C to 61°C 

– which then goes through a condenser and return back into the reservoir at 

46.2°C. 
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Figure 141 Display showing output from TRIOGEN generator 

 

The electrical energy output from the system show data associated with electrical 

energy generated and distributed from the WTE plant.  The top figure in Figure 

142 shows that the average voltage generated is 235.51 volts with an average 

current of 126.7A. The power being generated is 88.5kW and the total energy 

delivered is 168mWh. 
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Figure 142 - Performance summary 

 
The overall system monitoring is displayed in the control room and starting from 

the left-hand side of Figure 143 shows the waste fuel entering into the primary 

combustion chamber with the details of the flow rate. In the primary and 

secondary chamber are instantaneous readouts of the temperatures and also 

details of the temperatures exiting out of the combustion chambers and into the 

TRIOGEN ORC system. 
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Figure 143 - Schematic monitoring for total system 

 
The connection and output to the grid as shown in  Figure 144 shows how the 

output from the TRIOGEN ORC connects to the main grid. As shown the output 

is a three-phase supply and connected through a series of high voltage 

connectors and busbars.  The WTE plant uses the electrical energy in the first 

instance and the surplus is then sold to the electrical grid network.  
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Figure 144 - Connection to the grid 

 

The finding from the visit supported the development of waste to energy research. 

Information related to the design of a complete energy from waste system based 

on the Netherlands example can be modified to work well within the UK.  There 

were some real examples of good practice seen operation which supported the 

research and could learn from when developing the energy from waste systems.  

Integration of fire suppressive, ash collection, cameras etc could begin to feature 

in next generation of designs. Move towards agreeing a non-disclosure 

agreement (NDA) between commercial parties and development of good work 

relationships will pave the way to develop a viable WTE plant from the initial case 

study.  The lessons learnt from the visit suggest that, the need for technical 

dialogue between manufacturing of the high quality and efficient, manufactures 
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of ORC manufactures and also heat exchanger manufactures. There is 

confidence that the primary and secondary chamber can incinerate waste fuel 

and give the temperatures required to drive the TRIOGEN generator. However, 

the diversification and use of the heat output for other uses is also an option as 

from the findings 232 °C is released into the atmosphere which could be used to 

drive another ORC or used for generating hot water.   

 

7.2 Calculated energy output from incineration 

 

The rate of the assumed incineration for the waste fuel was calculated to enable 

the amount of potential energy which can be released for the purpose of driving 

Organic Rankine Cycle generator.  For the purposes of calculating the burn rates 

of waste fuel details set out in Table 24 assumes a waste fuel of RDF and with a 

calorific value of 15MJ/kg.  The first column lists the amount of waste fuel being 

burnt in the incinerator in kg per hour.  The second column converts the hourly 

burn rate into waste fuel burnt every second and the third column give the peak 

power of the incinerator by multiplying the calorific value of the fuel with the 

amount of fuel being burnt every second and the forth column converts that peak 

power from mega Watts to mega Joules. 
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Table 24 - Energy release from waste fuel 

kg/hr Burn 
rate 

kg/s burn 
rate 

Peak power 
(MW) 

Energy 
(MJ) 

Energy 
kWth 

(1 
kWh=3.6 

MJ) 

200 0.06 0.83 3000 833.3 

400 0.11 1.67 6000 1666.7 

600 0.17 2.5 9000 2500.0 

800 0.22 3.33 12000 3333.3 

1000 0.28 4.17 15000 4166.7 

 

7.3 How many ORC’s can be integrated?  

To understand how the integration of ORC systems the ElectraTherm has four 

ORC systems which have a range of inputs of thermal energy with corresponding 

outputs of electrical energy i.e. the 4400B and 4400B+ for the smaller models 

and 6500B and 6500B+ for the larger systems.  The specification for smaller 

systems is shown in  Figure 145 i.e. the 4400B and 4400B+. The specifications 

show that for the 4400B the hot water temperature need to be between 70°C 

to116°C (380-1050 kWth) and for the 4400B+ the temperature range needs to be 

70 °C to 150 °C (380 -1450 kWth). 

Equation 3 - Energy equation for running ORC 

𝑄 = 𝑀𝐶𝑝∆𝑇  
 

  

𝑸 = Energy 

𝒎 = Mass. 

𝐶𝑝 = Heat capacity of the water 

∆𝑻 = Temperature difference 
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To allow for 22 litres per second running reservoir for a 10-minute worth of 

running time to allow for the variation in fuel being burnt in the primary chamber 

will need to have 13200kg of water as a thermal store to ensure that there is 

thermal momentum in the system.  As outlined in Table 25, based on the 

projected burn rate of the waste fuel, when connected through a heat exchanger 

the small waste incineration plant has the ability to run up to three ORC 

generators with the waste heat. If an assumption for the waste incinerator system 

to burn an average of 600 kg of waste fuel allowing for variation in the waste fuel 

quality, then approximately two ORC generators can be integrated allowing 

150kWe to be generated. 

 

Table 25 - Ratio of smaller ORC's to energy through incineration 

kg/hr 
burn 
rate 

kg/s 
burn 
rate 

Peak 
power 
(MW) 

Energy 
(MJ) 

Energy 
kWth 

(1 
kWh=3.6 

MJ) 

∆𝑻 

Potential 
number 

of 
ORC’s 

kWe 
(gross 
max 

75kWe) 

200 0.06 0.83 3000 833.3 85 0.94 70.4 

400 0.11 1.67 6000 1666.7 85 1.88 141 

600 0.17 2.5 9000 2500.0 85 2.81 210.75 

800 0.22 3.33 12000 3333.3 85 3.75 281.25 

1000 0.28 4.17 15000 4166.7 85 4.69 351.75 

 

The specification in Figure 146 for the 4400B and 4400B+ show that performance 

for both machines for the input temperature of the water given in kWth and the 

associated flow rate and the corresponding output in electricity given in kWe.  The 

difference between the two systems is that the 4400B operates with a lower 

operating temperature i.e., up to 116°C and the 4400B+ operates up to 150°C. 

Which ensure that for a lower flow rate of water because it’s at higher temperature 

allows for the generation of electricity at a much earlier point (Appendix 8). The 

flow rate of water ranges from 3liters per second to 15litres per second.   Allowing 

for the maximum performance of the ORC 4400B and 4400B+ at 15 litres per 
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second and having a 10-minute flow rate capacity in the system of 9000 kg which 

would require 1154.8kwth to maintain a temperature of 150°C (temperature 

difference of 85°C i.e. 150°C required temperature for the ORC to operate at 

maximum minus 65°C temperature of the working fluid returning from the 

condenser back into the reservoir). 

 

 
Figure 145 ElectraTherm specification 4400B and 4400B+ 

 
However, as the manufacturer produces a larger system i.e. the 6500B and the 

6500B+.  The maximum electrical output is 125kWe and the system relies on a 

range of temperatures and flow rates to determine the optimised performance of 

the generator.   
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As shown in Table 26, the larger system has the option to be configured in a 

manner which allows for of the energy from the waste incineration system to be 

used for the generation of electrical energy. As with the previous example for the 

smaller ORC system integrated into the moving grate system at a conservative 

600kg per hour burn rate. At a slightly higher waste fuel burn rate of 800kg per 

hour there is comfortable capacity within the system to operate two 6500B+ 

systems and still have surplus energy to be used for heating water for other 

applications (Appendix 9). 

 

Table 26 Ratio of larger ORC's energy through incineration 

kg/hr 
burn 
rate 

kg/s 
burn 
rate 

Peak 
power 
(MW) 

Energy 
(MJ) 

Energy 
kWth 

(1 
kWh=3.6 

MJ) 

∆𝑻 
Number 
of ORC 

kWe 
(gross 
max 

125kWe) 

200 0.06 0.83 3000 833.3 80 0.64 80 

400 0.11 1.67 6000 1666.7 80 1.28 160 

600 0.17 2.5 9000 2500.0 80 1.92 240 

800 0.22 3.33 12000 3333.3 80 2.56 320 

1000 0.28 4.17 15000 4166.7 80 3.2 400 

 
The specification in Figure 146 for the 6500B and 6500B+ show that performance 

for both machines for the input temperature of the water given in kWth and the 

associated flow rate and the corresponding output in electricity given in kWe.  The 

difference between the two systems is that the 6500B operates with a lower 

operating temperature i.e. from 70°C to 132°C and the 6500B+ operates up to 

from 70°C to 150°C. Which ensure that for a lower flow rate of water because it 

operates at a higher temperature which allows for the generation of electricity at 

a much earlier point. The flow rate of water ranges from 6 litres per second to 23 

litres per second.  

 

Allowing for the maximum performance of the ORC 6500B and 6500B+ at  22 

litres per second and having a 10 minute flow rate capacity in the system of 
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13200kg which would require 1693.8kWth to maintain a temperature of 150°C 

(temperature difference of 85°C i.e. 150°C required temperature to operate the 

orc maximum  minus  65°C temperature of the working fluid returning from the 

condenser back into the reservoir). 

 

 
Figure 146 - ElectraTherm 6500B and 6500B+ 

7.4  Option one 

This option is to have an integrated system which is cost effective and technically 

simple to achieve and implement.  The heat exchanger can be a simple air to air 

system which can be either in a parallel or series configuration. This will allow the 
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temperature from the exhaust gases to be reduced from 850°C to approximate 

200°C to drive the ORC and also reduced the production of dioxins and furans. 

The advantage of this is that it allows the ‘feed in’ temperature to be reduced in 

a low cost and low-tech manner but it is also having a quick build, testing and 

validation process. However, much of the heat generated through the combustion 

process is lost to the atmosphere with no benefit to the operator other than having 

electricity generated. 

 
Figure 147 - Option one electrical energy generated from waste 

 
Table 27 – Option one advantages and challenges 
Advantages Challenges 

Simple in design 
Overall is not efficient energy from 

waste system 

Low cost Longer financial payback period 

Simple heat exchanger  

Quick build and validation process  

Simple maintenance  
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7.5 Option two 

This design option considers the option of a slightly more complex system which 

uses a combination of a water header tank which is integrated into the heat 

enhancer and transfers the heat energy from the air to air heat exchanger into 

the header tank which then allows for the retention of water supply sufficient 

heated to allow for approximately ten minute run time without the need for placing 

more waste fuel into the incinerator. This option allows for offsetting of 

inconsistent waste fuel supply which may have a combination of reduced calorific 

value or have a high moisture content.   

 

The capacity of the shortage tank enabling  levelling off ‘spikes ‘ and ‘troughs’ in 

the variable nature of the waste fuel to ensure that the ORC is able to continue 

with a smooth and consistent running without cutting out if the temperature from 

the incinerator was to reduce due to poor waste fuels supply.  This ensure that 

the consistent operation of the ORC has minimum maintenance and enable the 

system to run much more smoothly. 

 
Figure 148 – Option two electrical energy generation with redundancy 
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Table 28 - Option two advantages and challenges 

Advantages Challenges 
More a robust system compared to 

option one 

More complex design compared to 

option one 

Better use of energy generated 

through waste combustion 

Added challenges for integration of a 

pressurised vessel 

Better and consistent performance of 

the ORC 

Increased initial installation costs and 

maintenance of the whole system 

Reduced maintenance cost for the 

ORC 

Longer build time, testing and 

validation 
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7.6  Option three 

The third option is to propose a method by which the maximum amount of energy 

from the incineration of waste to be used and recycled back into other forms of 

energy and maximise the efficiency of the whole system.  In this case another 

circuit is added to the design which allows for the hot gases to be used for proving 

hot water as well as providing space heating.  This requires a much more 

sophisticated heat exchanger system with a complex control and monitoring 

system to extract the most optimised performance.   

 

In this case the heat exchanger uses a combination of an air-to-air exchanger 

integrated with an air to water system. This system will rely on control 

programming which will prioritise the application of the exhaust gases to maintain 

the differing temperatures within the system. It is anticipated that the priority 

would be the maintenance of the temperatures for the efficient operation of the 

ORC.  

 

The reduction of temperatures going to the ORC will shut the electrical generation 

which will impact the system as the ORC itself is a very expensive module and 

must be maintained at its operating efficiency to ensure longevity and reduced 

maintenance cost. The second priority would be to maintain the temperature of 

the water to ensure it remains above 60°C to offset the grow of bacterial infection 

i.e., legionnaires infection and the final priority will be the space heating as this 

has little impact as the temperatures required are relatively low. 
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Figure 149 Option three generation of electricity and space heating 

 
Table 29 - Option three advantages and challenges 
Advantages Challenges 
Much more integrated energy from 

waste plant with combined heat and 

power (CHP) 80-90% efficiency. 

Much more complex overall design 

 

Better marketing for a wider range of 

commercial applications. 

consideration for heat exchanger 

storage tank and space heating. 

 

Better use of energy generated 

through combustion of waste 

 

Increased costs compared to option 2 

 

Better performance data than options 

1 and 

longer build, testing and validation 

process 
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8 CONCLUSIONS, NOVELTY AND FURTHER WORK 

This section outlines the conclusion from the work and research undertaken with 

detail s of how the designs impacted on the performance of the incinerators and 

findings from the MB1 and applications into the moving grate system and how 

each system met with the title of the thesis and its contribution towards answering 

the original question of whether there is viability in the use of small-scale 

incinerators to generate energy from waste.   

 

Details of the novelty in terms of design, performance and materials are also 

discussed with information which would support the foundations for further works. 

8.1 Conclusions 

Based on the research undertaken in this thesis, the ability to generate energy 

from waste via incineration method is technically viable. There is sufficient energy 

from waste to develop and operate a small-scale incineration plant which will burn 

waste in efficient manner, which is also compliant with environment frameworks 

and legislation.   

 

The initial design demonstrated that the burn rates of different waste could be 

demonstrated and the manufacture and testing of the MB1 system illustrated the 

efficiency of incinerating a wide range of waste fuels where the control of auxiliary 

air can be modulated to ensure that air fuel ratio remains within the optimised 
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combustion process. On the small scale it demonstrated that waste can be 

incinerated with the appropriate temperature reached and maintained in the 

primary and secondary chambers to meet with compliance requirements.  The 

design also calculated that the gas retention times in the secondary chamber 

were held for a minimum of two seconds.   

 

However, this could be further substantiated by undertaking computational fluid 

dynamics (CFD) analysis of the system to corroborate the calculations. To 

determine empirical data to support the calculations where measuring equipment 

can be used to inject inert trace gases into the inlet of the secondary chamber 

and measure the time it reaches the outlet of the secondary chamber.   

 

As there are so many variables employed in the combustion process, the 

monitoring of oxygen from the exhaust of the would have also indicated as to the 

amount of surplus oxygen in the gases being vented into the atmosphere.  This 

would then be used to modulate the auxiliary air and ensure that the system 

remained with the parameters and minimise the amount of pollution emitted from 

the stack.   

 

The main findings from the testing of the MB1 was the insulation options used in 

the primary and secondary chambers.  The retention of the temperatures within 

these sections ensured that the minimum amount of fossil fuel was consumed by 

the burners in the primary and secondary chamber to enable the primary and 

secondary chamber to reach operating temperatures and then continue to 

maintain them.  Additional efficiencies would have been realised had the design 

of the primary chamber had not relied on a system which meant fully opening the 

top of the primary chamber to load additional waste fuel.  

 

The allowed significant amounts of hot air to escape and reduce the temperature 

in the system which was then offset by introducing the primary and secondary 

burners to switch on.  In addition to this, particularly in the secondary chamber, 

the temperature needed to rise back to 850°C to enable the machine to come 

back into compliance. In addition to this, there was no mechanism for de-ashing 
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the system and once ash had built up to the point where it was not allowing the 

waste fuel to be effectively combusted, the system had to be shut down and 

cooled before it could be used again.  

 

The scaling up of the system from the MB1 into the Moving Grate system added 

more complexity to the system.  As the MB1 was a relatively simple design and 

testing of high efficiency on a small scale was not translated into the larger scale. 

Whilst the temperature losses from the opening and closing of the primary 

chamber lid was offset by using a screw augur feed system based on the finding 

from the case study in the Netherlands, the auxiliary air supply and the associated 

air supply feeds into the primary chamber enabled the waste fuel to burn more 

efficiently, as the waste was introduced onto the moving grate and spread 

throughout the length of the grate.  As it moved down the combustion chamber 

the surface area subjected to high temperature and oxygen was significantly 

greater than the MB1 test bed. 

 

However, as the requirements for additional air to burn the waste was increased 

to match the higher levels of waste burn rate, it was observed that the 

temperatures exiting the secondary chamber were beginning to reduce below the 

850°C target.  During the testing phase of the system, it was difficult to understand 

the reason why this was occurring. It was when the analyse of the CFD modelling 

was carried out showed that the ambient air introduced to under the moving grate 

was beginning to separate from the supplying air under the moving grate directly 

to the fuel and bypassing the primary chamber and mixing with gases from the 

secondary chamber, thereby reducing the temperature of the exhaust gases in 

the secondary chamber.   

 

The empirical evidence supported this assumption and the data collected from 

the thermocouple reading showed the average temperatures decreasing.  As a 

result of these findings, design modification suggestions for the auxiliary air inputs 

were to ensure that the manifold ran parallel with the waste fuel moving along the 

grate system.   
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The advantage is that it allows the oxygen to reach the waste fuel in the most 

efficient manner, thereby increasing the combustion rate and also regulating 

more precisely the feed of oxygen and reduce the amount of surplus oxygen 

mixing with the combustion gases at high temperatures and thereby increase 

pollution gases. The other along with the suggested redesign of the vertical 

concrete partition would enable the ambient air gases from the primary chamber 

to remain writing the primary chamber to support the combustion process and 

thereby allow the increase in waste combustion rate. In addition to this, the 

secondary chamber temperature will maintain the minimum of 850°C to ensure 

compliance.   

 

The costs associated with the redesign and the manufacturing changes were not 

considered as part of the conclusion as the research was focused on the technical 

viability of the energy from waste system. 

 

This section explores the findings from the testing process and gives insight into 

modifications which can be made to improve the combustion process maintain 

compliance and increase the throughput of waste fuel to deliver a viable energy 

from waste plant.    

 

The development of the prototype yielded very promising results which 

demonstrated that the efficiency of the internal lining gave very high thermal 

retention within the primary and secondary chambers. This demonstrated that the 

lining in the primary, secondary and chimney sections allow for reduction in the 

consumption of fossil fuels for the initial start-up and bringing the incinerator up 

to operating temperature.   

 

The combination of high thermal efficiency and the modulation of the ambient 

inlet air to suitable control the burn rate allowed the burn rates for different waste 

fuel types to be managed within same incinerator system.  This is a very useful 

finding as it allows for the manufacture of a single machine and determine its 

waste fuel burn characteristics with a degree of performance certainty based 

upon the empirical data gathered.  
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The angled focus for the burners in the primary chamber was designed to ensure 

that the thermal focus was concentrated in the core of the machine where the 

waste fuel was placed. Also having two smaller burners allowed better control of 

maintaining internal temperatures and saving fossil fuel by allowing only one 

burner to operate when needed to maintain temperatures whilst the other remains 

on standby.   

 

It also allows for a degree of redundancy in the system and allows the incineration 

operation to be maintained whilst replacing or maintaining one of the burners 

during operation.   The main issues found in the results section for the moving 

grate system was that the temperatures in the primary chamber and more 

importantly in the secondary chamber were not sufficiently high to burn the waste 

fuel effectively. Particularly as the gases must be maintained in the secondary 

chamber for a minimum of 2 seconds at 850°C.   

The results suggested that as the waste fuel rate start to pass 450kg/hr the 

increase in ambient air to maintain the stochiometric ratio allows the cold air to 

by passes the vertical concrete slab and mix with hot air at the exit port of the 

secondary chamber which is immediately above the primary chamber.  This has 

the effect of reduction the combustion gas temperatures entering the additional 

primary chamber.   

 

Also, the manifold which supplied additional air to the waste fuel along the moving 

grate platform should be angled to follow the gradient of the moving grate to 

ensure that sufficient oxygen is supplied as close to the waste fuel as possible to 

aid the combustion process.  The ANSYS software modelling matched the 

empirical data gathered from the testing process. This was found to be ideal to 

explain the reason for the temperature reduction as the among of waste entering 

the primary chamber was increased.  

 

The visual software representation illustrated the bypassing of the cold ambient 

air from the primary chamber inlet directly into the exhaust entering the secondary 

chamber – which led to design modification which otherwise would have been 
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difficult to justify.  The results demonstrated through the combustion of waste 

through the moving grate system and depending on the waste fuel type, there is 

sufficient thermal energy to support the driving of a number or organic Rankine 

cycle generators to produce a combination of electrical energy as well as space 

heating and hot water storage.  

 

8.2 Novelty and contribution to knowledge 

The novelty because of this research is summarised in the following section. 

Information is broken down to highlight the findings for each machine i.e. the MB1 

and the Moving Grate and in both cases reflects not just on the technical 

performance but also the commercial application and development. 

 

Novelty for design and operation performance of the MB1 

• The angle of the double burners focusing on the core of the primary 

chamber supported the efficiency burned of the waste and also had a 

secondary effect of supply air directly to the waste once the burners were 

placed onto standby.  

• In addition to this the use of an auxiliary air supply which allows for 

variation in fan speed and therefore stochiometric to compensate for 

differing waste ensured that the waste materials were combusted 

effectively. 

• The materials used to line the interior of the primary, secondary and 

chimney stack contributed to the reduction of fossil fuels to heat and 

maintain the temperatures in the primary and secondary chambers and 

also ensure that the external body of the incinerator system was 

maintained within safe limits and remained safe to touch throughout its 

operating range. 

• The capacity to test a number of waste burn rates for a number of waste 

streams through the same machine has not been demonstrated and 

recorded within the incineration industry. 

• Finally, the innovation in the design and the ability to demonstrate the 

flexibility in its application has generated over 500 commercial enquiries 
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with potential order totalling £1.4m for south Asia, Africa and the Middle 

East. 

• Novelty for design and operational performance for the Moving Grate 

system 

 

Novelty for design, testing and development of the moving grate system 
 

• the novelty was the use of Computational Fluid Dynamics (CFD) analysis 

to determine the performance and measurement of temperatures and 

retention times for the exhaust gases from the waste combustion process 

and compare the Best Available Techniques guidance set out by the 

Environment Agency.  

• Inciner8 was the first UK manufacturer to present their operational data to 

the Environment Agency using CFD analysis to demonstrate performance 

of their machine with varying waste fuel burn rates. 

• This research also determined the validation of the modelled data with 

empirical data to diagnose reasons for limited performance of the machine, 

thereby enabling alterations to be carried out.  The application of this 

researched enabled modifications to be carried out to address the 

performance. 

• In addition to this the performance of the machine allowed the modelling 

of differing energy to waste options which could be integrated dependent 

upon the final application. 

• Finally, the demonstrated innovation and performance of the Moving Grate 

system enabled to sale for more than £1m and integrated into another 

energy generation system in the South of England. 
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8.3 Further work 

As a result of this research a number of additional research subjects present 

themselves in the context of extracting energy from waste.  The concept of using 

energy from waste is well established.  However, the greater the energy 

efficiencies and cost effectiveness of a system the greater viability in terms of 

technical, environmental and financially can be realised by operating a small-

scale waste to energy system.   

 

The main issues as part of this study were ensuring that the waste was 

combusted in the most environmentally compliant manner as possible. This 

meant that controlling the amount of air (oxygen). Other areas of consideration 

and research could be the application of exhaust gas scrubbers which will react 

with combustion gases and remove or neutralise harmful elements and 

compounds.  A technical viable system can be developed the applications in 

industry are wide ranging and help to ensure that waste is a viable source of 

energy which has minimal impact on the environment. 

 

While this study has focused on the technical viability of a small-scale energy 

from waste system. Consideration for further study would be to investigate the 

viability of integration of electrical storage systems i.e., battery storage or 

connection to electrical distribution grid.   

 

This will allow the investigation of further efficiencies for energy from waste, 

particularly in the case of electrical generation were the energy produced by 

generators is not used immediately. It could also investigate the storage of 

thermal energy and how the technology could use as much of the thermal energy 

which would otherwise be lost to the environment to be stored and used at a later 

stage. By doing so the overall efficiency for an energy from waste plan can be 

compared to current combined heat and power generation schemes.   
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This research would investigate the technical and urban integration for small 

scale district combined and heat and power system.  The aim would be to 

investigate the challenges faced when looking at recycling and sustainability 

within an urban development setting.  

 

This could also be applied to remote areas where waste can be used as fuel 

source particularly where there is no electrical grid connection.  It also could be 

applied to remote hospitals where wate could be incinerated on site and still have 

electricity generated along with battery storage and heat used for supplying hot 

water for sanitation and hygiene purposes. 

 

Options considered would require further study around the financial viability of 

small-scale energy from waste system. Considering the gate fees generated for 

waste disposal, manufacture of the incinerators, heat exchanger and ORC, as 

well as the costs of installation, maintenance and operation.  

 

As this further study explore and highlight the financial breakeven point of this 

operation   This thesis is limited in that it does not explore the financial viability of 

operating and maintain and proposed or demonstrated energy from waste plants 

and gives no insight into the breakeven analysis to make these plants financially 

viable.   
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9 APPENDICES 

In this section are details for the materials and data sheets used to support the 

research contained within this thesis. 

 

Appendix 1- Specification for thermal imaging camera 

Appendix 2- FLUKE IR thermometer 

Appendix 3- RS Thermocouple 

Appendix 4- ECO Flam Burner 

Appendix 5- Technivent ID Fan 

Appendix 6- Thermal insulation specification 

Appendix 7- Best Available Techniques guidance  

Appendix 8 - ElectraTherm 4400B/4400B+ 

Appendix 9 - ElectraTherm 6500B/6500B+ 
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