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ABSTRACT
The research aims to determine the feasibility of alternative fuel co-processing to reduce kiln stack
emissions and focussed on the calculation of possible reductions in these emissions when
substituting one tonne of traditional coal fuel with one tonne of a selected alternative fuel at an
existing cement production plant located in the North West Province of South Africa.
Data was collected from actual continuous air emission monitoring and iso-kinetic sampling
reports from the target plant. Other data, including production figures, were also obtained from
the target plant. To determine the possible emission reductions existing data from literary sources
has been used. This included the chemical composition of some selected alternative fuels. A
total of nine different alternative fuels were evaluated on the basis of circulating element (see “List
of terms and abbreviations”) and heavy metal content, and potential changes in emissions when
compared to bituminous coal (the fossil fuel used at the target plant to generate thermal energy).
To maintain focus on the research question, as contained in the title, it was decided not to include
the availability of alternative fuels, nor anticipated operational issues as criteria during the course
of the research. The research was concluded by identifying the top three alternative fuels that
could potentially contribute the most in terms of reducing kiln stack emissions The findings made
during the course of the research was substantiated by circulating a questionnaire to some
selected professionals employed in the South African cement production industry.
Keywords: alternative fuels, cement production, kiln stack emissions, reduction
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OPSOMMING
Hierdie navorsingsudie handel oor die moontlike verlaging in hoog-oond uitlaat gasse deur die
ko-prosessering van alternatiewe brandstowwe.

Hierdie navorsing beoog om alternatiewe

brandstof ko-prosessering se vermoë om hoog-oond uitlaat gasse te verminder te bepaal. Die
studie fokus op die moontlike veranderinge, en hopelik verbeteringe, wat die uitruil van een ton
steenkool met een ton van ‘n gekose alternatiewe brandstof teweeg sal bring deur middel van
berekeninge by ‘n werklike sement produksie aanleg in die Noordwes Provinsie, Suid Afrika.
Data was ingewin deur aaneelopende uitlaat gas moniterings en iso-kinetiese moniterings
resultate van die teiken aanleg na te gaan. Ander data wat gebruik was in die berekeninge, soos
byvoorbeeld totale produksie syfers vir die jaar 2015 was ook verkry vanaf die geteikende aanleg.
Om die moontlike veranderinge in uitlaat gasse te bepaal was data aangaande die chemiese
samestelling van die geëvalueerde alternatiewe brandstowwe ingewin vanuit reeds bestaande
studies rakende die gebruik van alternatiewe brandstowwe. ‘n Totaal van nege alternatiewe
brandstowwe was geëvalueer in terme van elke brandstof se sirkulerende elemente en swaar
metaal inhoud, asook die moontlike veranderinge in uitlaat gasse op te weeg teenoor die
eksklusiewe prosesering van steenkool. Om die fokus op die hoof navorsingsvraag geskoei te
hou was daar besluit om nie ander seleksie kriteria soos byvoorbeeld die beskikbaarheid van
alternatiewe brandstowwe in Suid Afrika, of moontlike operasionele probleme in ag te neem nie.
Hierdie navorsingstudie was afgesluit deur die top drie kandidate te identifiseer in terme van hul
potensiaal om sement produksie uitlaat gasse te verlaag, wat ondersteun word deur terugvoer
vanaf ‘n aantal werknemers in die Suid-Afrikaanse sement vervaardigings industrie.
Sleutelwoorde: alternatiewe brandstowwe, sement produksie, hoog-oond uitlaat gasse,
verlaging
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LIST OF TERMS AND ABBREVIATIONS
Absolute emissions: Emissions expressed as a mass stream, e.g. in tonnes of carbon dioxide.
Alternative fuels and raw materials (AFR): General and hazardous wastes which are used to
substitute conventional or primary fossil fuels and/or virgin raw materials in cement kilns and other
industrial processes.
Basel Convention: The Basel Convention on the Control of Transboundary Movements of
Hazardous Wastes and Their Disposal, usually known as the Basel Convention, is an international
treaty that was designed to reduce the movements of hazardous wastes between nations, and
specifically to prevent the transfer of hazardous wastes from developed to less developed
countries.
Blast furnace slag: a processed by-product of iron production in blast furnaces that is usable as
an alternative raw material.
Business waste: Waste that emanates from premises that are used wholly or mainly for
commercial, retail, wholesale, entertainment or government administration purposes, includes,
e.g.: hazardous portion of wastes from the leather and fur industry, wastes from petroleum refining
and wastes from the manufacture, formulation, supply and use of plastics, synthetic rubber and
man-made fibres.
By-product: A substance that is produced as part of a process that is primarily intended to
produce another substance or product and that has the characteristics of an equivalent virgin
product or material.
Calcine: The product of calcination, regardless of the minerals undergoing thermal treatment.
Calcination: Also referred to as calcining and is the process of decomposing calcium carbonate
(limestone) and carbon dioxide, in order to create cement. The process is carried out in furnaces
or reactors (sometimes referred to as kilns or calciners).
Carbon dioxide: gas released when fossil fuels are burned, one of the main greenhouse gases
and hence one of the chief contributors to climate change.
Cement kiln dust (CKD): fine-grained, solid, highly alkaline material removed from the cement
kiln exhaust gas by scrubbers. This material is most often then re-introduced into the cement
manufacturing process. However, under some circumstances, re-use may not be possible due to
quality reasons (raised concentrations of sodium and potassium). In this case, the material is sent
to landfill.
x

Circulating elements: Some elements in raw materials such as alkalis, sulphur and chlorides
are volatilised at the high temperatures in the kiln system resulting in a permanent internal cycle
of vaporisation and condensation.
Clinker: Lumps or nodules produced when sintering (see sintering) limestone and aluminasilicate materials such as clay or shale during the cement kiln stage (As it relates to cement
production – clinker can also refer to the stony residue from burnt coal). An intermediate cement
product made by sintering limestone, clay, and iron oxide in a kiln at around 1450 degrees
Celsius.

Portland cement is produced by grinding clinker and an additive (normally

synthetic/natural gypsum).
Clinker – Cement – Ratio / Clinker Factor: The proportion of clinker in cement, which can be
derived from any cement product, but is mainly used as an indicator of the average clinker
substitution, e.g. a clinker factor of 77% means that the final cement product contains 77% clinker
and 23% other materials.
Condensation (Chemistry): A chemical reaction in which water or another simple substance is
released by the combination of two or more molecules.
Condensation (Physics): The process by which a gas or vapour changes to a liquid.
Continuous Emission Monitoring (CEM): measurement of a pre-determined set of emissions
on a continuous basis. This helps to ensure the proper operation and control of the plant. The
following emissions are mostly measured on a continuous basis from various sources including
the kiln stack: the oxides of sulphur and nitrogen, carbon dioxide, particulate matter (dust) and a
number of micropollutants and heavy metals, e.g. mercury, hydrogen fluoride and benzene.
Co-processing: The utilisation of alternative fuels and/or raw materials in industrial processes
for the purpose of energy and/or resource recovery and the resultant reduction in the use of
conventional fuels (fossil fuels) and/or raw materials through substitution.
Disposal: The burial, deposit, discharge, abandoning, dumping, placing or release of any waste
into, or onto, any land.
Fly ash: a combustion residue from power plants that can be used as a non-clinker alternative
cementitious raw material.
Fossil fuels: carbon-based fuels that began as fossilised life forms (shells, skeletal remains, etc.)
including coal, gas and oil and which releases carbon dioxide when burned / Non-renewable,
decayed organic materials that over time have formed geological deposits of carbon, such as oil,
natural gas and coal, which are combustible and release energy through burning.
xi

General waste: Waste that does not pose an immediate hazard or threat to health or to the
environment, and includes (a) domestic waste, (b) building and demolition waste, (c) business
waste, (d) inert waste, (e) any waste classified as non-hazardous waste in terms of the regulations
made under section 69 of the National Environmental Management: Waste Act. Includes, e.g.:
business wastes such as wastes from sugar processing, building and demolition waste such as
discarded wood, glass and plastic, domestic waste such as municipal waste, inert waste such as
discarded concrete, bricks, tiles and ceramics.
Greenhouse gas: any gas that allows sunlight to enter the atmosphere but absorbs the heat
(infrared radiation) created as the sunlight is reflected off the Earth’s surface: includes water
vapour, carbon dioxide, methane, nitrous oxide, and many gases used in refrigeration and air
conditioning.

Greenhouse gases are considered the basis for global warming and climate

change.
Hazardous waste: Any waste that contains organic or inorganic elements or compounds that
may, owing to the inherent physical, chemical or toxicological characteristics of that waste, have
a detrimental impact on health and the environment and includes hazardous substances,
materials or objects within business waste, residue deposits and residue stockpiles.
Heating value: The amount of heat produced by combusting a unit quantity of a fuel, common
units for heating value include British Thermal Unit per Pound (Btu/lbs); megajoule per
kilogramme (MJ/kg); and kilocalories per kilogramme (kcal/kg).
Incineration: Any method, technique or process to convert waste to flue gases and residues by
means of oxidation.
Kiln: A thermally insulated chamber that produces temperatures sufficient to complete some
process such as hardening, drying, or chemical changes. The cement industry uses a rotary kiln
for the calcination of limestone to be used in the final cement product.
Petroleum coke (pet coke): A by-product of the oil refining coking process.
Portland cement: A powdered binding agent used in construction made by heating limestone
with other materials to an average of 1450 degrees Celsius in a kiln, a process known as
calcination (see calcination), whereby the molecule of carbon dioxide is liberated from the calcium
carbonate to form calcium oxide, which is then blended with other materials that have been
included in the mix to form calcium silicates and other cementitious compounds.
Pozzolana: A fine, sandy volcanic ash.

xii

Pyroprocessing: A process in which materials are subjected to high temperatures in order to
bring about a chemical or physical change. The calcination and sintering processes are examples
of pyroprocessing.
Recovery: The controlled extraction of a material or the retrieval of energy from waste to produce
a product.
Recycling: A process where waste is reclaimed for further use, which process involves the
separation of waste from a waste stream for further use and the processing of that separated
material as a product or raw material.
Reduction: Involves various possible measures to reduce the amount of waste generated, e.g.
manufacturing process optimisation, or a raw material reduction or substitution.
Re-use: To utilise articles from the waste stream again for a similar or different purpose without
changing the form or properties of the articles.
Residue deposits: Any residue stockpile remaining at the termination, cancellation or expiry of
a prospecting right, mining right, mining permit, exploration right or production right.
Residue stockpile: Any debris, discard tailings, slimes, screening, slurry, waste rock, foundry
sand, mineral processing plant waste, ash or any other product derived from or incidental to a
mining operation and which is stockpiled, stored or accumulated within the mining area for
potential re-use, or which is disposed of, by the holder of a mining right, mining permit or,
production right or an old order right, including historic mines and dumps created before the
implementation of the National Environmental Management: Waste Act, including, e.g.: Wastes
from mineral excavations and wastes from drilling muds and other drilling operations.
Sintering: The process of compacting and forming a solid mass of material through the addition
of heat and/or pressure without melting it to the point of the mass becoming a liquid.
Sustainable development: Refers to development that meets the needs of the present without
compromising the ability of future generations to meet their own needs.
Thermal treatment: Incineration, co-processing and other high-temperature treatment of general
and hazardous waste.
Treatment: Any method, technique or process that is designed to (a) change the physical,
biological or chemical character or a composition of waste, or (b) remove, separate, concentrate
or recover a hazardous or toxic component of a waste, or (c) destroy or reduce the toxicity of a
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waste, in order to minimise the impact of the waste on the environment prior to further use or
disposal.
Volatilise: To evaporate of cause to evaporate.
Waste: Any substance, whether or not that substance can be reduced, reused, recycled or
recovered –
(a) That is surplus, unwanted, rejected, discarded, abandoned or disposed of;
(b) Which the generator has no further use of for the purposes of production;
(c) That must be treated or disposed of; or
(d) That is identified as a waste by the Minister by notice in the Gazette, and includes waste
generated by the mining, medical or another sector, but –
(i)

A by-product is not considered waste; and

(ii)

Any portion of waste, once re-used, recycled or recovered, cease to be a waste.

Waste management hierarchy: The Waste Management Hierarchy reflects the different waste
management options, from reduction (most preferred) through to reuse, recycling, recovery,
treatment/destruction, and lastly disposal (least preferred), that should all form part of an
integrated waste management system.
Zero carbon / Carbon neutral: No net emissions of carbon dioxide, in other words, carbon
neutral.
(CEMBUREAU. 1999; South Africa (f). 2009; The Free Dictionary; UNEP. 2011)
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INTRODUCTION
1.1

Background

During cement production, a number of emissions are emitted through the kiln stack. Some of
the more significant emissions include carbon dioxide (CO2), Particulate Matter (“Dust”), the
oxides of nitrogen (NOx), sulphur dioxide (SO2) and heavy metals (Valderrama, et al. 2012:61;
Van Oss & Padovani. 2003.)
CO2 is regarded as a greenhouse gas (“GHG”), i.e. one of the gases contributing to the climate
change predicament planet earth is currently facing. The cement industry is responsible for
emitting anywhere from 5 to 8% of the global CO2 emissions, only being second to the energy
generation industry (e.g. Eskom) (Boesch & Hellweg. 2010:9143; Hendriks, et al. 1998:1;
Rahman, et al. 2015:85). These CO2 emissions originate from a number of direct and indirect
sources. Directly, CO2 is emitted through the cement kiln stack as a product of clinker
manufacturing where carbon monoxide (“CO”) released during the calcination process combines
with excess oxygen in the kiln which then forms CO2. Another direct CO2 source includes the
combustion of fuels to generate the required thermal energy in the kiln which is used to complete
the calcination and subsequent clinkerisation processes. Indirect sources of CO2 at a cement
plant include equipment and vehicle emissions, but these are not included in this study and focus
is solely on the direct emission of CO2, particularly that which originates as a result of fuel
combustion (Hasanbeigi, et al. 2012:1; Huntzinger & Eatmon. 2009:668; Rahman, et al.
2015:85).
The NOx and SO2 emitted through the kiln stack can lead to several environmental impacts,
including the eutrophication of water sources and soil acidification (Hasanbeigi, et al. 2012:17).
NOx predominantly originates from the flame within the kiln.

The primary source of NOx

emissions, which mainly arises from a cement kiln, results from the oxidation of molecular nitrogen
present in the combustion air. A secondary source contributing to the NO x emissions is the
nitrogen concentrations in the fuel used to fire the kiln and the nitrogen in the other raw materials
used to produce clinker (United States Environmental Protection Agency (“USEPA”). 1994:2-1).
As opposed to NOx, SO2 emissions depend almost exclusively on the sulphur concentrations
within the raw materials and fuels.
To mitigate these emissions, cement producers have investigated and implemented a number of
mitigation measures using the following three main strategies: (1) fuel and energy saving; (2)
carbon sequestration and storage (the process through which carbon is captured and stored in
order to either mitigate or suspend global warming and avoid climate change); and (3) utilising
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alternative materials (Benhelal, et al. 2013:146; Kajaste & Hurme. 2016:4042; Lamas, et al.
2013:201).
1.2

Problem statement and substantiation

One of the emission mitigation measures mentioned in the previous section was the coprocessing of waste / alternative fuels. Co-processing means using a waste or alternative fuel (for
the remainder of this paper the term alternative fuel will be used) in conjunction with a traditional
fossil fuel, such as coal, to generate thermal energy within the kiln system.

This process has

been long standing in countries outside of South Africa (most notably Europe) and subsequently
numerous research papers have been completed which focussed on this practice, e.g. the effect
of co-processing on CO2 emissions (Kajaste & Hurme. 2012; Mikculčić, et al. 2013), and NOx
and SO2 emissions (Fyffe, et al. 2016. Richards & Agranovski. 2015. Stafford, et al. 2016).
Co-processing alternative fuels in a cement kiln is a rather new venture in South Africa. One
particular company, which was still part of the Holcim Group back then, only started investigating
this practice in the early 2000’s.

With the promulgation of the National Environmental

Management: Air Quality Act 39 of 2004 (“NEM: AQA”), (see South Africa (b)) the production of
Portland Cement using alternative fuels and/or raw materials featured in the list of activities that
could potentially lead to the emission of pollutants (see South Africa (d)). The National
Environmental Management: Waste Act 59 of 2008 (“NEM: WA”), (see South Africa (c)) also listed
the treatment of general and hazardous waste as a listed activity, in this case, treatment is an
umbrella term that includes co-processing. A policy specific to the thermal treatment of general
and hazardous waste was promulgated on 24 July 2009 under the ambit of NEM: WA. This policy
prescribes the waste management options in terms of a set framework, based on the waste
hierarchy, which the South African government would like to see implemented. The two options
referred to in this policy include (a) the incineration of waste in a dedicated waste incinerator, and
(b) the co-processing of waste as alternative fuels and/or raw materials in cement production.
The policy contains several prescriptions related to air emission standards, the exclusion of
certain wastes from co-processing and conditions that should be included in environmental
authorisations (see South Africa (f)).
On the subject of air emission standards a question arises on whether or not alternative fuel coprocessing could actually facilitate lowered air emissions, i.e. will co-processing cause air
emissions to remain within the stringent upper limit values set out in the policy?
To this effect the following research question is proposed:
What is the feasibility of alternative fuels to reduce air emissions from South African cement
production?
2

This research question is proposed due to the fact that there seems to be a lack of local
information to this regard. The following research papers on the subject of alternative fuels in the
South African context could be found:
1.

Determining the feasibility of the existing South African cement plants to co-process
alternative fuels (Karstensen. 2007);

2.

Compiling a set of guidelines for the co-processing of alternative fuels (Karstensen. 2008);
and

3.

Contributing to the compilation of the South African policy on the thermal treatment of waste
(see South Africa (f)).

Some of the other studies that have been completed in the past that has some bearing on the
topic include the dissertation completed by Walker (2006) on some of the climate change
mitigation and clean development mechanisms available to South African cement producers and
Van Stadens’ (2012) dissertation on the most environmentally sound utilisation option for waste
tyres.
Apart from the documentation mentioned above, of which the focus is on the technical capacity
or feasibility of South African cement manufacturing plants to accommodate the use of alternative
fuels, guidelines on the use of alternative fuels and setting certain requirements for its use, there
seems to be a gap in South African based literature on the effect alternative fuel substitution will
have on the emissions emanating from a cement kiln stack. This research paper aims to address
this identified gap.
1.3

Aims and objectives

Following on the previous section, the main objective of this paper is to determine if alternative
fuel co-processing is a viable means to lower the air emissions associated with the production of
cement at a selected plant in the North West province of South Africa. The focus will be
exclusively on the emissions from the kiln stack and as such indirect impacts associated with the
use of alternative fuels (such as potential increased emissions from alternative fuel stockpiles on
site or from the delivery vehicles transporting the fuels to the site) have not been considered. This
objective will be supported by the following sub-research questions:
1. What are the priority air emissions for cement producers?
2.

What are alternative fuels and what are their basic characteristics?

3.

What criteria are used when evaluating an alternative fuel for co-processing?
3

4.

Which of the alternative fuels shows the most potential to reduce kiln stack emissions?

1.4

Study format

The mini-dissertation is arranged as follows:


Chapter 2: Literature review
o



What are the priority air emissions for cement producers?



What are alternative fuels and what are their basic characteristics? and



What criteria are used when evaluating an alternative fuel for coprocessing?

This chapter details the research methodology used during the course of the study.

Chapter 4: Data analysis and discussion
o





Chapter 3: Research methodology
o



This chapter aims to address the first three sub-research questions stated in the
previous section:

In this chapter, the results obtained from the emission calculations are analysed to
determine the potential of some selected alternative fuels to lower kiln stack
emissions. The analysed data will form the basis on which a decision will be made
of whether alternative fuels could potentially improve kiln stack emissions, i.e.
answering sub-research question 4: “Which alternative fuels have the most
potential to reduce kiln stack emissions?”

Chapter 5: Conclusions and recommendations
o

In this chapter a conclusion is drawn on whether or not alternative fuel coprocessing has the potential to lower kiln stack emissions and which of the
evaluated alternative fuels show the most potential (the top three are selected).
Some recommendations are also given for future research.

4

ALTERNATIVE FUEL SELECTION AND APPLICATION IN THE
CEMENT PRODUCTION INDUSTRY
2.1

Introduction

The problem statement requires an investigation into the feasibility of alternative fuels to reduce
cement kiln stack emissions. This section consists of a background to the literature review and
includes a description of the cement production process, a background on the emissions
associated with cement production, the methods used in the cement industry to curb emissions,
and co-processing alternative fuels.
This chapter aims to answer the following sub-research questions:
1. What are the priority air emissions for cement producers?
2.

What are alternative fuels and what are their basic characteristics?

3.

What criteria are used when evaluating an alternative fuel for co-processing?

The answers to the aforementioned sub-research questions serve to aid in addressing the next
sub-research question:
4.

Which of the alternative fuels shows the most potential to reduce kiln stack emissions?

2.2

Literature review methodology

A literature review is a method used for the collection and interpretation of data (Williams.
2007:76). The collected data is subsequently used to formulate the research questions that made
up the questionnaire that was circulated to the cement industry professionals. The main source
of information during the literature review was peer reviewed articles featuring in reputable
academic journals such as the Journal of Cleaner Production. The articles that were used in the
literature review were selected based on their relevancy to the subject matter and in accordance
with some inclusion and exclusion criteria, detailed in Table 2-1 below:

5

Table 2-1: The article inclusion and exclusion criteria used during the literature review.
Criteria

Explanation

The inclusion of specific interventions in the

Articles containing the following information

article.

was included in the literature review:
Articles dealing with – alternative fuel
substitution / co-processing; alternative fuel’s
impact on kiln stack emissions; the
alternative fuel selection criteria used by
cement producers when selecting an
alternative fuel for use.
Articles containing the following information
was excluded from the literature review:
Articles dealing with – the socio-economic
impacts of alternative fuel substitution/coprocessing; alternative raw
materials/resources; other environmental
impacts and benefits associated with
alternative fuel substitution/co-processing,
e.g. the impact on landfilling of waste.

The type of study included in the review.

Due to nature of the subject matter, i.e. the
impact of alternative fuel substitution / coprocessing on cement kiln stack emissions,
and the research questions, both qualitative
and quantitative articles were included in the
literature review.

The results of the literature review are presented in the succeeding sections.

2.3

A short overview of the cement production process

A generalisation of the cement production process consists of the following steps:
6



Mining of the limestone: Limestone is mined in an opencast quarry, crushed in a primary
crusher and stored on homogenising stockpiles.



Raw milling: The limestone and other additives such as clays, an aluminium oxide source
and an iron oxide source, are milled until fine and conveyed to a homogenising raw meal
silo. The quantities of the additives depend on the chemical composition of the limestone.



Clinker production: The raw meal is then chemically transformed into clinker through
phased intensive heating. The raw meal is conveyed to a pre-heater / pre – calciner where
the temperature of the material is raised to 900°C and calcination occurs. The hot material
is then passed through the rotating kilns, where the material temperature is raised to
1400°C and clinkerisation occurs, leading to the raw meal turning into semi-molten clinker.
The semi-molten clinker is then rapidly cooled in a clinker cooler and then stored for further
processing.



Cement milling: The clinker, some gypsum and other additives are combined in cement
mills and ground. The ground material (cement) is then stored in homogenising silos to
ensure a consistent product. The purpose of adding gypsum and other additives is to
reduce the clinker-cement ratio and subsequently the amount of CO2 per tonne of cement
produced (as the clinker production will be less the more additives are used).



Packing and dispatch: Depending on client requirements, the cement is either sold in bulk
or as bagged cement. The most common dispatch methods, depending on the location
of the cement plant, include road, rail and sea. Clinker can also be sold to cement blending
plants as an intermediary product.
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Figure 2-1: Simplified flow diagram of the cement production process

2.4

The emissions associated with cement production

Various air emissions is associated with the production of cement. According to the European
Waste Incineration Directive these include: particulate matter (or dust), sulphur dioxide, the oxides
of nitrogen, carbon monoxide, volatile organic compounds, hydrogen chloride, hydrogen fluoride,
ammonium, dioxins and furans, benzene, mercury, toluene, cadmium and other heavy metals
(GTZ-Holcim. 2006:27).
The air emissions from the cement plant can either be gaseous or particulate in nature. Gaseous
emissions are the product of fuel combustion.

Sulphur dioxide (“SO 2”), hydrogen sulphide

(“H2SO4”), the oxides of nitrogen (“NOx”), carbon monoxide and – dioxide (“CO and CO2”) and
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volatile organic compounds (“VOCs”) fall into this category. Particulate refers to fine dust particles
measured in microns or micrometers. Particulate usually consists of dust and particles of fuel
and raw materials that did not combust completely during production (Ibrahim, et al. 2012:620;
Richards & Agranovski. 2015:186).
Cement production is one of the largest contributors to annual global greenhouse gas emissions,
in fact, it is regarded as the second largest source only coming second after the electric power
utility industry, contributing between 5 – 8% of annual CO2 emissions (Chinyama. 2011:263;
Hasanbeigi, et al. 2012:1; Huntzinger & Eatmon. 2009:668). These CO2 emissions are a result
of the calcination process which occurs during the production of cement (Huntzinger & Eatmon.
2009:668).
The following is a summary of the more pertinent air emissions associated with the production of
cement:
2.4.1

Particulate Matter

Particulate Matter (“Dust”) originates from a couple of point and diffuse pollution sources at the
cement plant. In terms of point sources, the thermal treatment of materials where the materials
come into contact with hot gases is one of the primary sources and is what is usually emitted
through the kiln stack. Cement production also involves a number of milling and separation
process that contribute to the total load of dust emissions. Incomplete separation of raw materials
and of the product also adds to the emission load through the numerous stacks at the cement
plant (e.g. at the kilns, raw mills, coal mills and cement mills).
2.4.2

Sulphur Dioxide

The majority of the SO2 emitted during cement production is a result of the volatilization of the
sulphur contained in the fuels and raw materials during preheating.
2.4.3

The oxides of nitrogen

Thermal nitrogen oxide which is produced in the main flame (recall the previous commentary
regarding burning with a long cool flame, as opposed to a short hot flame). Some additional NOx
can be added via the pre-calciner fuels (e.g. bituminous coal).
2.4.4

Volatile Organic Compounds

Organic compounds contained in the raw materials are volatilized during preheating.
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2.4.5

Hydrogen Chloride

Chlorine may be present in raw materials as well as in alternative fuels (spent solvents, plastic).
If inputs exceed the (low) carrying capacity of the clinker/kiln system then emission might result.
2.4.6

Dioxins and Furans

Dioxins, furans or advanced precursors might be present in conventional (rarely) and alternative
raw materials and are partially volatilized at material preheating.
2.4.7

Heavy Metals

Heavy metals occur in all of the cement kiln input materials (fuels and raw materials). These
heavy metals are volatilised and append to the dust fraction which is then emitted as part of the
particulate matter.
The production of Portland cement using alternative fuels and/or resources occurs as a listed
activity in the South African regulations governing activities whose emissions impacts or may
impact on air quality (see South Africa (d)). These regulations emphasise the following air
emissions as being of major importance to cement producers co-processing alternative fuels, i.e.
these are the emissions that must be monitored and reported on when co-processing alternative
fuels. These emissions are presented in Table 2-2 below:
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Table 2-2: Emission limits for the production of cement using conventional or alternative
fuels ((see South Africa (c). 2013)
Process

Cement
production:
Conventional Fuel

Cement
production:
Alternative Fuel

Air Pollutant

Concentration (mg/Nm3 under normal conditions of 10% O2, 273 Kelvin and 101.3
kPa.
Type of plant

New

Existing

New

Existing

Particulate Matter (Kiln)

50

100

30

80

Particulate Matter (Cooler ESP)

100

150

30

80

Particulate Matter (Cooler Bag Filter)

50

50

30

80

Sulphur Dioxide (SO2)

250

250

50

250

Oxides of nitrogen (NOx expressed as NO2)

1200

2000

800

1200

Total Organic Compounds (TOC)

NS*

NS

10

10

Hydrogen chloride (HCl)

NS

NS

10

10

Hydrogen fluoride (HF)

NS

NS

1

1

Cadmium & Thallium (Cd + Tl)

NS

NS

0.05

0.05

Mercury (Hg)

NS

NS

0.05

0.05

Sum of arsenic, antimony, lead, chromium,
cobalt, copper, manganese, vanadium and
nickel (∑ As, Sb, Pb, Cr, Cu, Mn, V & Ni)

NS

NS

0.5

0.5

Ng I-TEQ (Nm3 under normal conditions of 10% O2, 273 Kelvin and 101.3 kPa)
Dioxins and furans (PCDD/PCDF)

2.5

NS

NS

0.1

0.1

An overview of the traditional methods used to abate cement production emissions

To reduce these emissions during cement production, cement producers have investigated and
implemented a number of mitigation measures, including: improving energy efficiency, which has
a direct impact on the levels of CO2 emitted during production; and co-processing alternative
fuels (Benhelal, et al. 2013:146; Kajaste & Hurme. 2016:4042; Lamas, et al. 2013:201).
Table 2-3 summarises some of the mitigation techniques currently being employed to reduce air
emissions during cement production.
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Table 2-3: A summary of the abatement technologies currently being used to reduce air
emissions during cement production
Air pollutant

Reduction Techniques

Particulate Matter

Bag filters and electrostatic precipitators for all kiln types and input
materials.

SO2

Hydrated lime addition to kiln feed for small gaps (<700 mg/Nm3).
Wet sulphur scrubbers for large gaps.

NOx

With limited effect:
 Water cooling of the main flame


Low-NOx burner

Reducing zones (mid-kiln, transition chamber, low-NOx calciner)
With good effect:
 Selective non-catalytic reduction (SNCR) with ammonia or
urea injection in appropriate temperature window.

VOC

No cost effective end-of-pipe techniques available to date,
therefore avoid the use of critical input materials or feed them
together with the fuels.

HCl

No direct HCl abatement technique available, but sulphur wet
scrubbers also reduce HCl emissions.

Dioxins and Furans

No reasonable abatement technique, input limitation with raw
materials is the option.

Heavy Metals

Efficient dedusting equipment and limitation of mercury inputs in
feed materials.

(Adapted from GTZ-Holcim Guideline (2006)).

2.6

The co-processing of alternative fuels in the cement kiln

Coal, and to a lesser extent petroleum coke, natural gas and oil are fossil fuels used to generate
the heat required in the rotary kiln to enable the calcination and clinkerisation processes. In order
to reduce the costs of this energy-intensive process, which has a high share of the production
costs of cement and also due in part to fact that the burning of these fossil fuels lead to the
emission of harmful air pollutants cement producers around the world have begun to substitute a
part of or all these fossil fuels with alternative energy sources such as agricultural biomass (corn
husks, sugarcane bagasse); sewage sludge; waste tyres; spent solvents; used oils; and spent
pot liners from the aluminium production industry (Conesa, et al. 2008:585. Murray & Price.
2008:7). These issues are amplified by the ever increasing global population growth rate which
subsequently results in changing consumer habits, including an increased demand for cement (to
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construct houses, etc.) and increases in waste generation resulting from increased consumption
(Güereca, et al. 2015:741). This trend requires modern waste management approaches and the
co-processing of alternative fuels in cement kilns is one such approach.
The co-processing of alternative fuels hold several benefits, e.g.: potential operational cost
reductions, non-renewable resource preservation; potential increases in energy efficiency; and
potential reductions in air emission (Burnley, et al. 2012:1024; Conesa, et al. 2008:585; Lamas
et al. 2013:203; Rahman, et al. 2015:87; Willitsch, et al. 2002:4).
2.6.1

The types of alternative fuels used in co-processing, their classification and
characteristics

The range of alternative fuels available is wide, with mixes being used extensively. Alternative
fuels are divided into the gaseous, liquids or solids classes with solids further sub-divided into
pulverised, coarsely crushed or lumps, depending on its physical character. Alternative fuels
originate from either municipal or industrial sources. Table 2-4 indicates some of the alternative
fuels more commonly used in the cement production industry.
Table 2-4: Examples of some alternative fuels more commonly used in the cement
production industry (Chinyama. 2011:265)
Solids
Gases

Liquids

Pulverised

Coarse-Crushed

Lumps

Landfill
Gas
Pyrolysis
Gas

Waste oils
Pasty Wastes
Solvents
Animal Fats
Biodiesel
Ethanol
Low chlorine
spent solvents
Oil sludge
Solvents from
ink and printing
industries
Chemical byproducts from
the
pharmaceutical
industry

Bark
Paper
Rubber
Fluff
Bone/Animal
Meal
Plastics
Dried sewage
sludge
Granulated
plastic
Finely
crushed tyres
Contaminated
soil

Automotive shredded waste
Crushed tyres
Husks
Straw
Sugarcane Leaves & Bagasse
Animal Dung
Wood waste
Re-agglomerated organic
materials
Oily waste (rags, wood chips,
sawdust)
Oil filters
Solid waste compounds of nontoxic metals
Slag molten of Al, Fe, Steel & Sn
Paper waste

Whole
Tyres
Plastic
Bales
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2.6.1.1 The characteristics of some commonly used alternative fuels
This section briefly discusses the characteristics of some alternative fuels, including inter alia: the
heating value, chemical content and moisture content of waste tyres, spent pot liners, plastic
waste, sewage sludge, solvents and spent oils, municipal solid waste, refuse derived fuel, meat
and bone meal, and agricultural biomass.
2.6.1.1.1 Waste tyres
The landfilling and stockpiling of waste tyres have numerous environmental, health and safety
impacts related thereto. As the number of vehicles on the road increase so too does the number
of tyres destined for landfill. Using tyre derived fuels (TDF) for co-processing in the cement kiln
is one way to alleviate this burden (Feraldi, et al. 2013:613). Some of the reasons for cement
producers to use TDF include (1) increasing fossil fuel prices, (2) the implementation of waste
tyre abatement strategies (South Africa also has a similar strategy), and (3) improvement in the
infrastructure for the collection and processing of TDF (Feraldi, et al. 2013:614).
Aside from TDF’s impact on air emissions which is discussed in the next section, it also hold some
other benefits that makes it a suitable candidate for co-processing: it has a relatively high heating
value (comparable to or even higher than that of coal) (Hita, et al. 2016:748), a low moisture
content, it is much less expensive than fossil fuels and the tipping fee helps to offset the
transportation costs, it contains some raw materials, especially in the form of iron (the steel wiring
in the tyre consist of 1.5% iron) reducing raw material requirements. TDF is regularly used in coprocessing in ten of the European Union countries (European Commission (“EC”).

2003;

Rahman, et al. 2015:88).
2.6.1.1.2 Spent pot liners
Spent pot lining is a by-product of the aluminium manufacturing industry (Rahman, et al.
2015:90). Spent pot liner (SPL) contains a high concentration of cyanide, however, the high
temperatures of the kiln are ideally suited to the destruction of this hazardous chemical, with
removal rates as high as 99.9% reported by Kohnen (2012).

SPL also contains high

concentrations of fluorine, but similarly to cyanide, success in the removal of this substance is
substantial as a result of being absorbed into the clinker and cement kiln dust (Kohnen. 2012),
and has a high pH of 11.8 (Silveira, et al. 2002:181) placing constraints on the transportation and
handling thereof (Rahman, et al. 2015:91). Storage of SPL is another concern as it is highly
reactive to water and can generate noxious gases of ammonia, methane and hydrogen when
exposed to heat and humid air (Gossman. 2006) and the finer the material is ground before it is
injected into the system the higher the likelihood that these noxious gases will be released into
the atmosphere (Rahman, et al. 2015:91).
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2.6.1.1.3 Plastic waste
Plastic waste is readily available due to the high production rate thereof for application in e.g.
coatings, wiring, packaging and bags (Al-Salem, et al. 2009:2626). Plastics also have a high HV
(29-40 MJ/kg) which is comparable to traditional fossil fuels used in cement production. Issues
associated with plastics which contain Polyvinyl Chloride (PVC) due to the high chlorine content,
if the chlorine content is greater than 0.7% it could potentially impact on the quality of the clinker
(Rahman et al. 2015:92). Operationally, costs could potentially be high as plastics generally
require some pre-processing as the optimal fragment size for utilization is 100x100x100 mm
necessitating the installation of shredders where only larger fragments are available, the useable
fragments should also be isolated from the bulk plastic waste and such infrastructure requires
additional capital and labour expenses (EC. 2003:39; Rahman et al. 2015:92).
2.6.1.1.4 Sewage sludge
Large volumes of sewage sludge is produced during the treatment of wastewater (Chinyama.
2011:273; Rahman, et al. 2015:92). Wastewater comes from activities such as ablution, used
domestic water and industrial wastewater, water which has been altered during its use in
manufacturing processes and this largely influences the chemical elements that it contains as
well as its heating value (Rahman, et al. 2015:92). Currently, this sludge is mostly applied in
environmentally unfriendly ways, e.g. landfilling, in agriculture as an organic fertiliser and as a soil
conditioner (Chinyama. 2011:273). The heating value of sludge largely depends on the original
activity which led to the generation of the wastewater and the subsequent treatment processes
used to treat the sludge. Generally, heating value ranges between 8-17 MJ/kg (Chinyama.
2011:275).
2.6.1.1.5 Solvents and spent oils
Waste oil is a hazardous waste originating from the automotive, railway, marine, agricultural and
industrial sectors (Murray & Price. 2008:20). Waste oils and solvents derived from industry tend
to have high heating values, ranging between 29-36 MJ/kg (which is very similar to coal) which
makes it a prime candidate for use in cement production (de Vos, et al. 2007:13). The slight
variations in HV are due to the differing chemical composition of these solvents and spent oils
(Rahman, et al. 2015:92).
Generally, no pre-treatment nor additional feeding infrastructure is required which translates to
operational cost savings (Rahman, et al. 2015:92). The liquid waste can be introduced into the
existing burner or calciner using the existing oil firing system (generally this system is used for
either paraffin or kerosene which is the main ignitor used to ignite the burner pipe flame) (Rahman,
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et al. 2015:92). Furthermore, if the cement plant is situated within an industrial zone transport
cost savings can also be realised.
Oils that have no recycling capacity, i.e. oils which have been mixed with other chemicals resulting
in increased heavy metal content, such as lead, cadmium, arsenic, dioxins, benzenes, polycyclic
aromatics (which are all highly toxic to humans, animals and plants) are ideal for use as an
alternative as these components can be efficiently destroyed by the high temperatures and the
remaining non-organics are readily trapped in the clinker (Rahman, et al. 2015:93). Drawbacks
of using spent oils and solvents are associated with the characteristics of these liquids, in that it
is generally light and highly volatile which increases fire and explosion risks, however, this can be
controlled with suitable storage options. Another issue with prolonged storage, especially if stored
in enclosed areas with poor ventilation is the generation of volatile organic compounds which can
put employees at risk. Solvents and oils also tend to contain lower amounts of minerals when
compared to coal which might necessitate the use of additional raw materials to maintain the
cement quality which might translate into additional operational costs (Rahman, et al. 2015:93).
Spent solvents and used oils are commonly used throughout Europe (EC. 2003:41).
2.6.1.1.6 Municipal Solid Wastes
Municipal solid waste (MSW) is regarded a complex and variable fuel due to its heterogeneous
composition. Treated MSW HV is quite low, 13 MJ/kg, while untreated MSW is even lower at 211 MJ/kg and the moisture content is quite high ranging between 25-58% (Rahman, et al.
2015:90; Zhou, et al. 2014:108). Despite this, the fact that it is readily available makes it an
attractive option to use in cement manufacturing. Generation of MSW is directly proportional to
increased world population and is an ever increasing environmental concern (Kara, et al.
2010:203). Co-processing of MSW is preferred over landfilling and incineration, both which
releases hazardous emissions into the air and toxins and leachates into soil, and this creates a
prime opportunity for the cement manufacturing industry to utilise MSW as an alternative (Garg,
et al. 2009:2296). In cement manufacturing these substances are partially incorporated into the
clinker, this is made possible by the alkaline environment in the kiln that leads to the neutralisation
and capture of acid gas components resulting from the combustion of fuels, which in turn leads
to a reduction of heavy metal emissions from the kiln stack. Instead, these are condensed on the
dust particles in the kiln and captured together with the dust by dust abatement technologies such
as filter bags or electrostatic precipitators, from where it is returned back into the process and
captured in the clinker (Mokrzycki, et al. 2003:110).
By redirecting waste to cement manufacturing and away from landfilling and incineration
greenhouse gas emissions of carbon and methane can also be reduced (Cheung, et al.
2006:201; Genon & Brizio. 2008:2378).
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2.6.1.1.7 Refuse Derived Fuels
Resource Derived Fuel (RDF) is the homogeneous component of Municipal Solid Waste. RDF is
usually preferred over MSW because of its higher heating value and lower moisture content
(Rahman, et al. 2015:89) and because the MSW cannot be burned directly in kiln due the
heterogeneous nature of the waste and its chemical composition which could pose quality and
environmental concerns (EC. 2003:37). The heating value of RDF is fairly consistent, ranging
from 15 – 20 MJ/kg, which is substantially higher than that of MSW (Genon & Brizio. 2008:2377).
It also has a more favourable moisture content ranging between 11-17%, minimising some of the
pre-treatment required before being introduced into the system. Ash content, however, tends to
be low ranging between 7-10% for RDF from industrial sources and 10-16% for other sources
(EC. 2003:51).
The production of RDF constitutes various environmental impacts due to the material flow within
an industrial society such as exposure during handling and transportation operations, increased
transportation requirement due to the low density and HV of RDF. Producing RDF also requires
energy to be consumed and emissions into the atmosphere or water of hazardous components.
Storing RDF also has some issues, mostly of a hygienic nature in the form of odours and illness
(microbiological components in the waste). Producing clinker with RDF can also be a potential
pathway for other receptors to come into contact with the hazardous components when using
construction materials (EC. 2003).
2.6.1.1.8 Meat and Bone Meal
The European Union banned the use of Meat and Bone Meals (MBM) as cattle feed and also
imposed bans on the landfilling thereof due to the BSE pathogens occurring therein (e.g. mad
cow disease) (Rahman, et al. 2015:91). The heating value of MBM is about half that of coal
ranging from 14 MJ/kg to 20 MJ/kg (Fryda, et al. 2006:1686; Gulyurtlu, et al. 2005:2138). MBM
is further characterised by high volatile and ash content of up to 30% (Fryda, et al. 2006:1686).
The moisture content of MBM is also very high, 70% on average, which makes pre-processing a
requirement, either at on – or offsite facilities, to reduce the moisture content before being used
in the kiln (Rahman, et al. 2015:91). The need to substitute larger volumes and to pre-treat MBM
leads to increases in operational costs (EC. 2003:41; Rahman, et al. 2015:91). Compared to
coal MBM has lower fixed carbon and higher chlorine contents, the chlorine has the potential to
lead to build-up and blockages in the preheater units reducing plant efficiency (Chinyama.
2011:278).
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2.6.1.1.9 Agricultural biomass
Internationally, the use of agricultural biomass as an alternative fuel is not common practice and
is predominantly used in developing countries such as India and Malaysia (Chinyama. 2011:279).
Varieties include rice husks, corn stover, coffee pods and palm nut shells (Murray & Price.
2008:35). Heating values of the biomass are not constant and ranges between 14-21 MJ/kg
(Chuah, et al. 2006:325), with a moisture content of 6-12% (Demirbas. 1997:433)
Biomass requires some pre-processing and infrastructure modifications due to the lower heating
values (HV) requiring excess air adjustments and alternative burner designs. To be useable in
the kiln, biomass has to be converted into high-density fuel through the addition of high
temperature and pressure and a minimum substitution rate of 20% (Rahman, et al. 2015:93).
The processing, handling and transportation costs associated with these activities all add to the
operational costs incurred (Rahman et al. 2015:93).
2.6.1.1.10 Other alternative fuels
Other alternative fuels include e.g. non-agricultural biomass; waste from the automotive industry
such as automobile shredder residue; liquefied natural gas; oil soaked rags; and paper residue
(Rahman, et al. 2015:93)
Non-agricultural biomass consists of a broad range of materials which includes, among others:
wood or forestry residues, sewage sludge, paper residues, and animal wastes (Murray & Price.
2008:37).
Unfortunately, according to Rahman, et al. (2015:94) not much research has been conducted
on these alternative fuels and future research has been suggested.
2.7

An overview of the effect of different alternative fuels on air emissions

The different types of alternatives fuels mentioned in the previous section each have their own
characteristic impact on the cement production process and subsequently the kiln stack
emissions. Some alternative fuels can assist in the reduction of certain emissions, while others
can potentially lead to an increase in certain types of emissions and even further some have no
effect, or are neutral in terms of changing the emission composition or volumes emitted.
Kajaste & Hurme (2016:4048) and Mikculčić, et al. (2013:43) independently stated that the coprocessing of certain alternative fuels can lead to a reduction in the volumes of CO2 emitted during
cement production.
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The success of reducing the volumes of the oxides of nitrogen (NOx) emitted during cement
production also depends on the type of alternative fuel used during co-processing (Richards &
Agranovski. 2015). The formation of NOx is dependent on the nitrogen concentration in the fuel
and the residence time of the fuel in the kiln (Richards & Agranovski. 2015:162).

Further

contributing factors to the reduction of NOx includes the temperature in the kiln and the
concentration of available oxygen (Stafford, et al. 2016:162).
The sulphur dioxide (SO2) can also be influenced through alternative fuel co-processing. Most of
the SO2 are from the kiln due to the processing of raw materials and the combustion of fuels in
the kiln. SO2 from the oxidation of sulphide or elemental sulphur contained in fuel or in raw
materials occurs when there is sufficient oxygen and the material temperature is in the range of
300 to 600 degrees Celsius (Stafford, et al. 2016).
2.7.1

Tyre Derived Fuel and Waste Tyres

Fiksel, et al. (2011) and Worrell, et al. (2008) respectively simulated the co-processing of waste
tyres/tyre derived fuels (TDF) and waste derived fuels (WDF). Fiksel, et al. (2011) found that coprocessing TDF can reduce CO2 emissions by 543 kg per megaton of clinker produced (54.3 kg/t)
while Worrell, et al. (2008:27) also reported a decrease in CO2 emissions, but a more modest
figure of 12kg per ton of clinker produced. Rahman, et al. (2014) also simulated the co-processing
of TDF and reported similar results to that of Fiksel, et al. (2011).
The alternative fuels with the highest potential for decreasing NOx emissions include TDF, with a
reduction potential of up to 43% when compared to baseline levels (Richards & Agranovski.
2015:192; Richards & Agranovski. 2016:48).
TDF can potentially be an additional source of sulphur but the alkaline matrix of the clinker
reduces critical emission levels (Stafford, et al. 2016). Similarly, Richards & Agranovski (2016:48)
reported that SO2 emissions can potentially be reduced when co-processing tyres or tyre derived
fuel.
Hydrogen chloride and zinc emissions tend to increase when co-processing TDF (Rahman, et al.
2015:89).
2.7.2

Spent Pot Liners

Kaddatz, et al. (2013:418) also reported an increase in CO2 during their simulation that involved
the co-processing of spent pot liners (SPL). They stated that this can be attributed to the fuels
low thermal efficiency (low HV) which means that larger substitution quantities are required
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(Kaddatz, et al. 2013:419). However, Lechtenberg (2009:37) found the opposite to be true, i.e.
SPL co-processing reduced CO2 emissions somewhat when compared to fossil fuel processing.
There seems to be a lack of literature on the application of SPL in co-processing w.r.t. other
emissions, however, co-processing SPL can potentially result in reduced NOx emissions
(Lechtenberg. 2009:37).
Due to the favourable combustion conditions present in the cement kiln, acidic gases such as
hydrogen fluoride (“HF”) can be affixed to the clinker and alkaline raw meal and therefore lowered
HF emissions can be expected (Mikša, et al. 2003:472).
2.7.3

Plastic Waste

Murray & Price (2008:26) reported that the use of plastics as an alternative fuel can substantially
decrease CO2 emissions, equalling one tonne of CO2 per tonne of coal replaced. According to
Hashimoto, et al. (2010:709) co-processing plastics will lead to a decrease in CO2 emissions. AlSalem, et al. (2009:2632) made a similar conclusion in that pyrolysis of plastic waste will be more
beneficial in terms of CO2 emissions when compared to landfilling and incineration.
The formation and release of NOx when burning plastics may depend on the nitrogen content of
the plastic as well as some other factors, for example, the flame temperature and air quality in the
kiln (Rahman, et al. 2015:92).
Other heavy metals such as mercury and thallium are usually not a problem as these are removed
by the electrostatic precipitator or bag filter, through the same process that has been described
under 3.4.1.1.6 ( Mokrzycki, et al. 2003:110; Rahman, et al. 2015:92).
2.7.4

Sewage sludge

Co-processing sewage sludge can also lead to a decrease in NO x emissions. Sewage sludge,
as the flame temperature in the kiln, hinders the conversion of the nitrogen in the sludge to NO x
(Zabanviotou & Theofilou. 2008:538). Similarly, Lv, et al. (2016:597) found that co-processing
sewage sludge could lead to a reduction in NOx emissions and that the more sewage sludge is
added, the more pronounced the effect becomes.
Chinyama (2011:274) states that the sulphur content in sewage sludge is comparable to that of
coal and that it might be suspected that the co-processing of sewage sludge could potentially lead
to increased SO2 emissions, however this is not the case as about 60 – 80% of the sulphur is
captured in the calcium oxide in the kiln system (Manning, et al. 2003:33).
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2.7.5

Solvents and Spent Oils

According to de Vos, et al. (2007:25) solvents and spent oils are not good candidates for reducing
CO2 emissions during the production of cement due to the fact that the emissions from avoided
energy production cannot be fully counteracted when solvents or spent oils are co-processed and
a net burden remains. Kaddatz, et al. (2013:419) found that co-processing with used lubricants
tended to increase CO2 emissions as a result of its lower thermal efficiency.
Alternative fuels that can potentially lead to increased NOx emissions include solvents, up to a
20% increase when compared to the baseline (Richards & Agranovski. 2015:192). Co-processing
of oils can lead to a decrease in NOx (Richards & Agranovski. 2016:48).
2.7.6

Municipal Solid Wastes

Cheung, et al. (2006:200) reported that when Municipal Solid Waste (“MSW”) is co-processed
CO2 emissions tend to be lower than when conventional fuels are used. Güereca, et al. (2015)
found that MSW co-processing can translate into a 3.6% reduction in CO2 emissions, compared
to using conventional fuels only.
MSW generally contains less nitrogen than fossil fuels such as coal and as a result, NOx
emissions are generally lower when co-processing MSW (Genon & Brizio. 2008:2378). It should
be noted that most cement plants do not burn MSW directly due to its heterogeneous nature
which can translate into environmental concerns such as leaching, odour, etc. and MSW is
therefore usually processed in Refuse Derived Fuels (Kara, et al. 2010:205).
Co-processing municipal solid waste tends to lead to a decrease in SO2 as the sulphur contained
in the waste is well retained in the clinker due to the alkaline environment of the kiln (Garg, et al.
2009:2296).

The lower sulphur content in MSW can potentially translate to reduced SO2

emissions from the cement kiln stack (Genon & Brizio. 2008:2378).
2.7.7

Refuse Derived Fuels

By using Refuse Derived Fuels (“RDF”) in co-processing, fewer fossil fuels will be used and
subsequently, fewer CO2 emissions associated with the fossil fuels will be emitted (Kara, et al.
2009:2980). Genon & Brizio (2008:2378) found that by using RDF in the cement production
process a reduction of 1.61kg CO2 per kg of utilised RDF can be realised, compared to when
conventional fossil fuels are processed.
NOx emissions resulting from the co-processing of RDF is generally lower compared to the
processing of fossil fuels. This is mainly due to the fact that Municipal Solid Waste, of which RDF
is the homogenised component, has lower nitrogen concentrations than fossil fuels such as coal
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(Genon & Brizio. 2008:2378).

When increasing the amount of RDF co-processed the NOx

emissions generally shows a reduction due to the flame temperature decreasing proportionately
as more RDF is used. This is a result of the high moisture content of RDF (Kara, et al. 2010:214).
Co-processing RDF can also decrease SO2 emissions as the concentration of sulphur in RDF is
substantially lower than in conventional fossil fuels. Sulphur content tends to be somewhat higher
in RDF than in MSW, but due to the alkaline environment of the kiln, most of the chlorine and
sulphur is retained in the clinker (Genon & Brizio. 2008:2378).
2.7.8

Meat and Bone Meal

Meat and Bone Meal (MBM) may lead to an increase in CO2 emissions, which can possibly be
attributed to the larger quantities that have to be substituted because of its relatively low heating
value when compared to TDF and RDF (Rahman, et al. 2014:925).
The nitrogen content in MBM tends to be 7 to 8 times higher than in coal which might lead to
increases in NOx emissions. When using a coal-MBM blend NOx emission tend to show a
decrease (Chinyama. 2011:278).
MBM has a high content of calcium and calcium aids in the reduction of SO2 (Chinyama.
2011:278), however, excessively high concentrations of calcium can lead to the formation of free
lime which can impact product quality (Rahman, et al. 2015:91). SO2 emissions resulting from
the co-processing of MBM depends on the fuel sulphur content as well as the ash derived calcium
oxide (from limestone) that acts a natural “desulphuriser” (Fryda, et al. 2006:1690).
2.7.9

Agricultural Biomass

Agricultural biomass is considered carbon-neutral. When the agricultural produce is cultivated the
growing plants consume CO2 which almost equal to the CO2 emitted when the derived biomass
is co-processed (Chinyama. 2011:280).
Co-processing agricultural biomass usually leads to a decrease in NO x emissions. This can be
attributed to the fact that most of the nitrogen contained in agricultural biomass is released as
ammonia (“NH3”) which acts together with NOx to form N2 (Chinyama. 2011:280).
The co-processing of agricultural biomass can have differing effects on SO2 emissions, because
the sulphur content varies between the different types of agricultural biomass, e.g. Prosopis, a
type of flowering plant that is part of the pea family has a sulphur concentration of 0.2%, while
Typha, a type of grass commonly referred to as cattail has a sulphur concentration of 0.72% (Patel
& Gami. 2012:126).
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2.7.10 Other alternative fuels
Richards & Agranovski (2015) simulated co-processing with several different types of alternative
fuels and found that all the fuels, with the exception of waste oils, led to a decrease in CO2
emissions. The alternative fuels that led to a decrease in CO2 emissions included: black sand;
wood chips; wood chips mixed with plastics; carbon dust; and TDF (Richards & Agranovski.
2015:191).
Waste wood, with a reduction potential of up to 90% (Richards & Agranovski. 2015:192), and filter
cake which indirectly decreases NOx by reducing the fuel requirement (de Vos, et al. 2007:31).
Fluff also has low concentrations of sulphur and this translates to lower SO2 emissions. In terms
of increased SO2 emission levels, paint and ink have the greatest environmental burden (de Vos,
et al. 2007:28).
2.8

Advantages and disadvantages of co-processing alternative fuels

The organic and inorganic components in alternative fuels such as carbon, sulphur and mercury,
can be destroyed or absorbed into the clinker during production due to the high temperatures,
oxidising atmosphere and highly alkaline environment of the kiln (Chinyama.

2011:266;

Mokrzycki & Uliasz-Bochenczyk. 2003:96).
Co-processing alternative fuels means that less of the waste destined for disposal ends up in a
landfill. Subsequently, this means that less land is used for the expansion of the landfill, less
energy is consumed due to a decreased incineration requirement and non-renewable resources
are saved because no new incinerators have to be built nor the existing one upgraded. The
reduced requirement for additional or expansion of waste incinerators and transport of waste to
the landfills can indirectly contribute to a reduction in air emissions. Co-processing could also
potentially reduce the volumes of CO2, SO2 and NOx emitted from the cement production process
(Conesa, et al. 2008; Lamas, et al. 2013; Mokrzycki & Uliasz-Bochenczyk. 2003; Burnley, et al.
2012:1024; Genon & Brizio. 2008:2378; Kajaste & Hurme. 2016:4048; de Vos, et al. 2007:27;
Richards & Agranovski. 2015; Stafford, et al. 2016).
Co-processing can also contribute to a reduced use of non-renewable resources as, as mentioned
previously, some of the heavy metals are absorbed into the clinker, for example, co-processing
whole waste tyres that still contain the alloy wiring can reduce the iron requirement of clinker
production (Burnley, et al. 2012:1024; Conesa, et al. 2008:585; Lamas et al. 2013:203; Willitsch,
et al. 2002:4; Rahman, et al. 2015:87).
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The co-processing of alternative fuels could also hold some cost benefits as alternative fuels are
generally between five to ten times less expensive than fossil fuels, raw material costs are
reduced and production costs are reduced. These factors also enable the producer to place their
product at a reduced price on the market (Burnley, et al. 2012:1024; Conesa, et al. 2008:585;
Lamas, et al. 2013:203; Willitsch, et al. 2002:4; Rahman, et al. 2015:87).
Conversely, the co-processing of alternative fuels holds some distinct disadvantages. Due to the
differences in particle size and material densities, alternative fuels burn differently than fossil fuels.
This can lead to undesirable temperature changes in the kiln system and shifts in the
crystallisation peak which impacts on the clinker quality and can lead to the clinker remaining
semi-molten for longer (Schneider, et al. 2011:644; Trezza & Scian. 2000:139). Co-processing
alternative fuels could also potentially lead to unstable pre-calciner conditions, dust build-up in
the kiln and kiln riser ducts, and increase in the kiln bypass gas temperature which in turn leads
to an increase in heat consumption (Genon & Brizio. 2008:2378).
Co-processing alternative fuels can also potentially cause a negative change in the air pollutants
emitted from cement production, e.g. introducing alternative fuels with a high chlorine content can
lead to interactions with the alkaline environment of the kiln and the chlorine can be emitted
through the kiln stack; the heavy metals and organic fractions that are not absorbed into the
clinker can also be emitted through the kiln stack, most notably dioxins, furans, cadmium, lead
and mercury (Genon & Brizio. 2008; Huang, et al. 2012:1; Lamas, et al. 2013:202). These air
pollutants may have a negative impact on the health of the workers and the surrounding
communities who either inhales the air or ingests the pollutants by drinking water or eating food
(Monteiro, et al. 2013:481; Willitsch, et al. 2002:7).
Co-processing alternative fuels with low heating values could increase operational costs as more
has to be transported to the production plant, stored and handled as more fuel will be required to
reach the desired substitution rate (Burnley, et al. 2012:1023; Lamas, et al. 2013:204).
To ensure that the most benefit is derived from the co-processing of alternative fuels the potential
user must ensure that the disadvantages do not outweigh the advantages. It will be of little value,
for example, if the cement producer could save in terms of operating cost at the cost of
environmental degradation by knowingly allowing the emission of harmful air pollutants.
Therefore a balance has to be struck between wins and losses when deciding to use alternative
fuels.
2.9

Factors influencing the selection of alternative fuels for co-processing

There seems to be no standardised list of criteria for the selection of alternative fuels. However,
some institution such as the United Nations Environment Programme (UNEP) published technical
24

guidelines on co-processing alternative fuels in an environmentally sound manner as part of the
Basel Convention (UNEP. 2012).
These technical guidelines contain some general principles and requirements to aid the cement
producer during the co-processing of alternative fuels as well as some suggested elements the
cement producer might consider when selecting alternative fuels for co-processing.
2.9.1

The selection criteria typically used by cement producers when selecting
alternative fuels for co-processing

The

GTZ-Holcim Public Private Partnership consisting of the Deutsche Gesellschaft für

Technische Zusammenarbeit GmbH (“GTZ”) and Holcim Group Support Limited (“Holcim”),
produced a set of guidelines on co-processing waste materials in cement production (2006). The
objective of the guideline is the promotion of co-processing of waste and other materials in the
kiln to produce cement and is based on initiatives of bilateral and multilateral organisations to
improve waste management at national and local levels, as well as attempts by the cement
industry to reduce the negative environmental impacts associated with the production of cement
(GTZ-Holcim. 2006). These guidelines are based on 22 principles covering all facets involved
with the co-processing of alternative fuels, including legal aspects; environmental aspects;
operational issues; occupational health and safety; and communication issues and social
responsibility.
The technical guidelines produced by UNEP (2012:16) goes into further detail as to what
considerations must be made when selecting alternative fuels for potential co-processing, these
include:


Scrutinising the potential alternative fuel under a strict selection and control procedure to
avoid and/or reduce emissions;



Determining the chemical composition of the alternative fuel to completely understand its
inherent Environmental, Health and Safety risks;



Only using fuels that add value to the process, e.g. the heating or heating value and
material value must be sufficient while regulatory requirements are also being met;



Co-processing should not become a method of disposing of waste. This should only be
considered if, after rigorous analysis, it is found to be the optimal environmental solution;



Due to the heterogeneous nature of waste, blending different wastes might be required to
ensure a homogenous fuel type. Blending fuels should however not become a means to
circumvent legal requirements.
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The actual selection criteria differ from country to country, depending on the decisions made by
the regulating authorities in terms of maximum pollutant levels allowed for each waste that can
potentially be used as an alternative fuel. The following is stated in the GTZ-Holcim guidelines
(2006:23) regarding the absence of uniform selection criteria: “…no agreed threshold limit values
exist, as different criteria are applied, depending on the local situation.”
A list of general selection criteria includes, e.g. (GTZ-Holcim. 2006:23; Patil & Khond. 2014:300;
UNEP. 2012:16):


Regulatory criteria including National environmental policies, integration of national
environmental laws and standards, and regulatory compliance;



Waste management criteria including: are there other treatment alternatives available for
the waste (with respect to the waste hierarchy) and what other waste management
operations are available in the area?



Fuel specific criteria including: are there a minimum or fixed heating value that the fuels
must adhere to, must the fuel be in a certain state (gas, liquid or solid) and what are the
desired physical properties of the fuel (particle size, homogeneity, density, moisture
content, ash content)?



Operational criteria including does the kiln system have the appropriate waste feed points,
is the required exhaust gas cleaning processes (filter bags, electrostatic precipitators, etc.)
in place and does the plant have the required proportioning technology (separators, etc.)?



Environmental, health and safety related criteria including: What are the toxicity level limits
for the intended alternative fuels (organic compounds, heavy metals), what is the wastes
hazardous characteristics in terms of its circulating compounds (sodium, potassium,
chloride and sulphur), what is the probability that persistent organic pollutants such as
furans and dioxins and volatilized metals in the emissions could increase as a result of the
alternative fuel, has the general environmental impacts associated with the alternative fuel
been considered by way of risk assessment or impact assessment, and what is the likely
composition of the clinker ash when the alternative fuel will be introduced?



Quality criteria including What impact will the alternative fuel have on the clinker and
cement product quality?



Social criteria including: Is the community in favour of using a certain waste as an
alternative fuel?
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In the attempt to determine which alternative fuels have the most potential to reduce air emissions
from the cement kiln a number of criteria were selected or derived from the reviewed literature.
Table 2-5 provides an overview of these criteria, as well as the justification for each criteria’s
inclusion with accompanying references to the source material.
Table 2-5: Criteria used to rank alternative fuels in their ability to cement kiln stack
emissions
Criteria

Justification

Reference

The heating value of the fuel
must not be less than 14
megajoules per kilogramme.

To ensure a continuously
running operation the heating
value of a fuel should
preferably not be under 18
MJ/kg. However, at
secondary combustion where
temperatures are on average
800°C fuel can have a
heating value as low as 10
MJ/kg. Secondary
combustion occurs in the
calciner located between the
preheater and the rotary kiln.
14MJ/kg is just above the
average between what is
required for stable operation
and in the calciner.
Furthermore, high volatile –
low heating value alternative
fuels are not really suitable
for use in the kiln’s primary
firing system as the
combustion temperature is
too low. Volatiles in this
regard include substances
that, as a result of incomplete
combustion, can lead to the
formation and release of
dioxins and furans.

Chinyama. 2011:270;
Willitsch, et al. 2002:3.

The chlorine content of the
fuel must not exceed 0.2%

Adding excessive chlorine to
the kiln system can increase
the chloride levels in the
clinker. This is problematic
as the chlorine contained in
alternative fuels can become
volatile at clinkering
temperatures and then be
deposited into the molten
clinker in the cooler parts of
the kiln. This leads to “sticky”
conditions in the kiln which in
turn leads to ring formation in
the kiln and consequently
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Chinyama. 2011:269;
Duckett & Weiss. 1980:391;
Pisaroni, et al. 2012:2

Criteria

Justification
disruption of the whole
system as they grow thicker
and prevent the flow of
material and gases through
the system. Rings which form
in the front to the middle part
of the kiln is especially of
concern as these can only be
removed from inside the kiln
and therefore the kiln has to
be shut down, leading to
production and turnover
losses.

Reference

The sulphur content of the
fuel must not exceed 2.5%

Excessive amounts of
sulphur in fuels can lead to
blockages in the cooler parts
of the kiln system, such as at
the preheater. This is caused
by a reaction between the
calcium from the calcium
oxide formed during
calcination of the limestone
and sulphates in the fuel.

Chinyama. 2011:269;

Improvement in CO2
emissions, compared to CO2
emissions resultant from the
processing of fossil fuels
(bituminous coal).

Cement production is one of
the largest contributors to
annual global greenhouse
gas emissions, in fact, it is
regarded as the second
largest source only coming
second after the electric
power utility industry,
contributing between 5 – 8%
of annual CO2 emissions.
These high emissions are
one of the major reasons for
cement producers to
investigate abatement
technologies and techniques
to lower net the CO2
emissions resulting from
cement production. Another
reason South African cement
producers might want to
consider lowering CO2
emissions is the
implementation of the Carbon
Tax Bill (presumed to be
implemented from 1 January
2017) which places a burden
of R120 per tonne of CO2
emitted on the mining,
manufacturing and power
generating industries (bar a

Chinyama. 2011:263;
Hasanbeigi, et al. 2012:1;
Huntzinger & Eatmon.
2012:668; see South Africa
(a).
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Criteria

Justification
potential 95% offset if certain
measures are put in place by
the respective sectors).

Reference

Improvement in NOx
emissions, compared to NOx
emissions resultant from the
processing of fossil fuels
(bituminous coal).

NOx emissions
predominantly depend on the
character of the main burner
flame, with the nitrogen
content of the fuels and raw
materials only playing a small
secondary role. It would,
however, be beneficial to coprocess alternative fuels that
lead to reducing NOx
emissions. NOx emissions
are also regularly included as
part of cement companies’
key performance indicators
(see Figures 2-2 to 2-4 for
examples). NOx is also a
role player in the
eutrophication of water
sources and impacts on
human health (along with
volatile organic compounds
and SO2). NOx is also one of
the emissions mandated to
be measured continuously
during cement production.

Boesch & Hellweg.
2010:9146; South Africa (d).
2013.

Improvement in SO2
emissions, compared to SO2
emissions resultant from the
processing of fossil fuels
(bituminous coal).

Although SO2 emissions
through the kiln stack are
largely mitigated as the dust
and clinker in the kiln act as a
scrubber, removing up to
70% of the sulphur oxides, it
is still an emission of concern
as it can lead to, e.g.
acidification of soils through
acid rain. Similar to NOx,
SO2 is also one of the
emissions regularly forming
part of cement producers’ key
performance indicators (see
Figures 2-2 to 2-4 for
examples) and also has to be
monitored continuously
during cement production.
An improvement in SO2
emissions will, therefore, be
wholly advantageous to the
producer.

Chinyama. 2011:269;
Eatmon & Huntzinger.
2009:673; Rahman, et al.
2015:85; South Africa (d).
2013.
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In the following chapter (Chapter 4) attention was given to the potential of an alternative fuel to
affect the air emissions associated with the production of clinker and cement and to the physical
properties of the alternative fuels. This determination was done using the criteria listed in Table
2-5.
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METHODOLOGY
The following section describes the research methods used during the course of the study, as
illustrated in Figure 3-1 below:

Figure 3-1: How the research methodologies are related to one another.
3.1

Quantitative assessment of alternative fuels

To answer the fourth sub-research question (Which alternative fuels have the most potential to
reduce kiln stack emissions?) nine alternative fuels were selected for evaluation. Although there
are many more types of alternative fuels than these nine (the “Guidelines on co-processing waste
materials in cement production” (GTZ. 2006) lists over 250 different types of alternative fuels that
can be used) it was decided to focus on these as they are more commonly addressed in existing
literature (Chinyama. 2011; Genon & Brizio. 2008; Mokrzycki & Uliasz-Bocheńczyk. 2003;
Usón, et al. 2013). The nine evaluated alternative fuels included:


Meat and Bone Meal (“MBM”);



Municipal Solid Waste (“MSW”);



Refuse Derived Fuels (“RDF”);



Sewage Sludge;



Solvents;
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Spent Pot Liners (“SPL”);



Waste oils;



Waste tyres; and



Wood chips.

These nine alternative fuels were evaluated on their:
1.

Heating value (megajoule per kilogramme fuel);

2.

Circulating element concentration (Sodium, Potassium, Chlorine, and Sulphur);

3.

Heavy metal concentrations (including Mercury, Cadmium and Thallium); and

4.

Estimated emission rates of the identified air pollutants when substituting one tonne of
bituminous coal with one tonne of alternative fuel ( a tonne of emissions per year).

Bituminous coal is selected as a reference due to the fact that it is the most readily used fossil
fuel in the South African cement industry and data regarding the chemical composition and
chemical properties of bituminous coal from South African sources are also readily available.
It was decided to use these specific criteria, because:


They are often used in existing literature (Mokrzycki, et al. 2003:103; Rahman, et al.
2013:395; Usón, et al. 2013:247); and



The heavy metal content of alternative fuels is considered as one of the major hazards in the
alternative fuel exhaust gas emissions (Conesa, et al. 2008:586).

These characteristics are weighed against the same characteristics found in bituminous coal and
then ranked accordingly.
3.1.1

Calculating the potential changes in emissions when substituting a portion of coal
with alternative fuels
The potential changes in emissions were then calculated for the air pollutants listed below.
These air pollutants were selected based on the fact that regulations regarding their
emission exist in South Africa (see Table 2-2):



Carbon Dioxide as CO2;



Nitrogen Oxide and Nitrogen Dioxide as NOx;



Sulphur Dioxide as SO2;
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3.1.1.1 Calculating CO2 emissions
Calculating the total CO2 emissions associated with an activity such as the production of
Portland cement is an involved process requiring different calculations to reach the total,
including accounting for direct process emissions and indirect emissions. Direct process
emissions originate from point sources, such as the kiln stack, while indirect emissions
originate from activities that are associated with the production of the Portland cement,
but are not part of the main production process, e.g. transporting goods to and from the
cement plant or the off-site generation of electrical energy that is supplied to the cement
plant (EPA. 2001).
To calculate the possible changes in CO2 emissions when co-processing alternative
fuels the methodology suggested by Murray & Price (2008:16) was used. The decision
to use this methodology was based on (a) the fact that Murray & Price (2008)
successfully used this specific methodology in similar research; and (b) the methodology
only considers the immediate changes in CO2 emissions when substituting one fuel with
another, i.e. it does not consider other direct and indirect CO2 sources, such as those
mentioned earlier.
Murray & Price (2008:16) provides two different methods, one for calculating CO2
emission changes when substituting with carbon neutral fuels and another method for
substitution with non-carbon neutral fuels.

These methods are stated below.

To

calculate the potential CO2 offset when substituting coal with an alternative fuel, the
emission factor for said alternative fuel had to be calculated.

An emission factor,

according to the United States Environmental Protection Agency (“US EPA”), is “a
representative value that attempts to relate the quantity of a pollutant released into the
atmosphere with an activity associated with the release of that pollutant.” In other words,
an emission factor is an expression of the expected release of a certain air pollutant,
such as CO2, as a result of conducting a certain activity, such as cement production. An
emission factor is expressed as the weight of a pollutant divided by a unit of weight,
volume, distance, or duration of the activity emitting the pollutant, e.g. 400 kilogrammes
of CO2 is emitted for every 1000 kilogrammes of cement produced (US EPA. 2016).
Carbon neutral fuels (e.g. biomass)
“The change in CO2 per tonne of coal is equal to the CO2 emissions from coal.”
Assumptions:
The coal carbon emission factor for coal = 0.68 ton carbon/ton coal, the actual average,
obtained from Kalenga, et al. (2011:257) is 66.2 x 104 mg/kg or 0.662 t carbon/ton coal.
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Calculation:
Conversion of carbon to CO2:
0.662 𝑡𝑜𝑛 𝐶 44 𝑡𝑜𝑛 𝐶𝑂2 2.427 𝑡𝑜𝑛 𝐶𝑂2
×
=
𝑡𝑜𝑛 𝐶𝑜𝑎𝑙
12 𝑡𝑜𝑛 𝐶
𝑡𝑜𝑛 𝐶𝑜𝑎𝑙
Note: when converting tonne to metric tonne by multiplying by 0.90718474 the answer remains the same.

3.1.1.1.1 Non-carbon neutral fuels (e.g. waste tyres)
“The change in CO2 per tonne of coal replaced is the difference between the CO2
emissions associated with the alternative fuel and with coal.”
Assumptions:
Use the following:
o

The lower heating value (LHV) of the alternative fuel (mega-joule/tonne);

o

The water content of the alternative fuel (%);

o

The carbon content of the alternative fuel (% by dry weight);

o

The lower heating value (LHV) of coal; and

o

The coal carbon emission factor = 0.662 ton carbon / ton coal

Calculation:


Emission Factor of the alternative fuel:
1 𝑡𝑜𝑛 ×



𝑑𝑟𝑦 𝑡𝑜𝑛 𝑡𝑜𝑛 𝐶𝑎𝑟𝑏𝑜𝑛 𝑡𝑜𝑛 𝐶𝑎𝑟𝑏𝑜𝑛
×
=
𝑡𝑜𝑛
𝑑𝑟𝑦 𝑡𝑜𝑛
𝑡𝑜𝑛

Carbon emissions offset per tonne coal replaced:
𝐶𝑜𝑎𝑙 𝐿𝐻𝑉
𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒 𝐹𝑢𝑒𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟
×
𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒 𝐹𝑢𝑒𝑙 𝐿𝐻𝑉
𝑡𝑜𝑛 𝑜𝑓 𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒 𝐹𝑢𝑒𝑙
−



𝐶𝑜𝑎𝑙 𝐶𝑎𝑟𝑏𝑜𝑛 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟
= 𝑡𝑜𝑛 𝐶𝑎𝑟𝑏𝑜𝑛
𝑡𝑜𝑛 𝐶𝑜𝑎𝑙

CO2 emissions offset per tonne coal replaced:
𝑡𝑜𝑛 𝐶𝑎𝑟𝑏𝑜𝑛 (𝑓𝑟𝑜𝑚 2) ×
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44 𝑡𝑜𝑛 𝐶𝑂2
= 𝑡𝑜𝑛 𝐶𝑂2
12 𝑡𝑜𝑛 𝐶𝑎𝑟𝑏𝑜𝑛



Example:
CO2 emissions offset by substituting 1 tonne of coal with 1 tonne of wood chips:
Assumptions (See Annexures A and B for data sources):



o

LHV of wood chips: 18.3 MJ/kg

o

LHV of coal 27 MJ/kg

o

Carbon content of wood chips: 50%

o

Water content of wood chips: 33.3%

Emission Factor of Alternative Fuel (wood chips)

1 𝑡𝑜𝑛 ×



(1 − 0.333)𝑑𝑟𝑦 𝑡𝑜𝑛 0.5 𝑡𝑜𝑛 𝐶𝑎𝑟𝑏𝑜𝑛 0.3335 𝑡𝑜𝑛 𝐶𝑎𝑟𝑏𝑜𝑛
×
=
𝑡𝑜𝑛
𝑑𝑟𝑦 𝑡𝑜𝑛
𝑡𝑜𝑛

Carbon emissions offset per ton coal replaced:

27 𝑀𝐽/𝑘𝑔
0.3335 𝑡𝑜𝑛 𝐶𝑎𝑟𝑏𝑜𝑛 0.6304 𝑡𝑜𝑛 𝐶𝑎𝑟𝑏𝑜𝑛
×
−
18.3 𝑀𝐽/𝑘𝑔
𝑡𝑜𝑛 𝑤𝑜𝑜𝑑 𝑐ℎ𝑖𝑝𝑠
𝑡𝑜𝑛 𝑐𝑜𝑎𝑙
= −0.1378 𝑡𝑜𝑛 𝐶𝑎𝑟𝑏𝑜𝑛


CO2 emissions offset per tonne coal replaced

−0.1378 𝑡𝑜𝑛 𝐶𝑎𝑟𝑏𝑜𝑛 ×

44 𝑡𝑜𝑛 𝐶𝑂2
= −0.5054 𝑡𝑜𝑛 𝐶𝑂2
12 𝑡𝑜𝑛 𝐶𝑎𝑟𝑏𝑜𝑛

Therefore, substituting one tonne of coal with one tonne of wood chips could
potentially lead to 505.4 kg less CO2 being emitted through the kiln stack.
3.1.1.2 Calculating NOx and SO2
NOx (a combination of nitrogen oxide (NO) and nitrogen dioxide (NO2)), sulphur dioxide
(SO2) calculated using the black-box method suggested by Achternbosch, et al.
(2003:150). This method only takes input flows (raw materials) and output flows (air
emissions) into consideration and therefore ignores the processes taking place in the
system, resulting in an emission factor that is a ratio between the total emissions and total
inputs, ignoring other impacting factors (Achternbosch, et al. 2003:150).
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This method is used to calculate the emission factor of a specific fuel and is solely based
on the ratio between total emissions and total input. The method is very rudimentary as it
only accounts for the flows entering (input flows) and leaving the system (output flows). In
terms of this study, the system refers to the kiln and the kiln stack. Processes taking place
inside the system are not accounted for in the calculation (Achternbosch, et al. 2003:150).

𝐸𝐹 =

𝑆𝐸
𝑆𝐵 + 𝑆𝑅

Where:
o

EF = Emission Factor

o

SE = Substance load emitted

o

SB = Substance load in fuel

o

SR = Substance load of the raw material

The substance load emitted (SE) was obtained from actual data for the year 2015 from the
continuous emission monitoring (CEM) and isokinetic sampling data from an actual South African
cement production facility. The substance load in the fuel (SB) and in the raw material (SR) was
sourced from literature. For these calculations, the raw material was assumed to be clinker.
Once the emission factors for the fuels are calculated they are used in the following formula:
𝐸 = 𝐴 × 𝐸𝐹 × (1 − 𝐶𝐸)
Where:
o

E = The mass of the specific emission emitted into the air through the kiln stack
expressed as tonnes / year.

o

A = The activity or production rate, which in this case was the amount of clinker
produced during 2015;

o

EF= The emission factor for the air pollutant in question;

o

CE = The control efficiency of the abatement technology used at the target cement
production facility, which in this case is a bag filter with a known efficiency of
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99.8%, i.e. 99.8% of the kiln stack emissions are abated, or prevented from being
emitted.
Assumptions:
o

The production rate was based on actual clinker production rate for the year 2015
from the target plant;

o

A maximum substitution rate of 15% was used

o

The chemical composition of coal was based on mean values obtained from
Kalenga, et al. (2011) who characterised South African coal from various sources
based on the sulphur and heavy metal content of each;

o

The substance load emitted (SE) was based on actual continuous emission
monitoring (CEM) and isokinetic sampling data from the target plant. However, the
data is expressed in mg/Nm3 (milligramme per normalised cubic meter) and had
to be converted to tonnes per year before being used in the black-box equation.
The method used for the conversion can be found in the appendices.

3.1.2

Limitations encountered during the quantitative assessment

Information on the impact of alternative fuel co-processing on particulate matter emissions from
the kiln stack is not readily available. Due to the lack of existing information, potential changes
to particulate matter emissions is not included in this study.
Another limitation is based on the fact that the background information on fuel composition is from
various literature sources and not from the actual analysis that was conducted on alternative fuel
samples, i.e. there exists a degree of uncertainty in the relevancy of the data. However, the
desired outcome of the study is to provide an indication of the potential reductions in kiln stack air
emissions resulting from alternative fuel co-processing in the clinker production process and it is
believed that for this preliminary investigation the data from the literature sources is sufficient.
3.2

Ranking the alternative fuels based on the results of the quantitative assessment


Following the calculations, the alternative fuels are ranked in order of each fuel's potential
to reduce kiln stack air emissions. The ranking is based on the following: The chemical
composition of each fuel in comparison to (a) coal, and (b) predefined upper limits
focussing on the chlorine -, sulphur -, mercury – and sum of heavy metal contents;



The CO2 emission reduction potential of each fuel; and



The emission reduction potential potential of each fuel in terms of the other air pollutants
from section 2.2.1.2 above.
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It was considered important to include the chemical composition of the fuels as each country
where cement is produced has some form of quality check related to the chemical composition of
a fuel with an associated upper limit value, e.g. the limit value for mercury in solvents that are
intended for use as alternative fuels is set at 2 mg/kg in Austria, while it is set at 1 mg/kg in
Germany (GTZ. 2006:96). By limiting the chemical concentrations in the fuels, conventional or
alternative, its opportunity to be emitted into the atmosphere can be successfully limited (GTZ.
2006:28).
The second criterion listed above, the CO2 emissions offset potential of a fuel, is considered
important based on the fact that cement production contributes significantly to the annual
generation of greenhouse gases, with sources contributing between 5 to 8% of the annual CO 2
emission to this activity (Chinyama. 2011:263; Hasanbeigi, et al. 2012:1; Huntzinger & Eatmon.
2009:668).
The third and final criterion considered the potential of alternative fuels to offset NO x and SO2.
Most cement producers use CO2, NOx and SO2 emissions as key performance indicators in their
sustainability reports and emphasis is also placed on these pollutants in legislation governing
atmospheric emissions in South Africa (see South Africa (a); see South Africa (d)), therefore the
assessment has been limited to these air pollutants.
Figures 3-2 to 3-4 appearing below serves as an indication of how important the emissions
considered in this paper is to the cement manufacturer. Each of these figures represents an
outtake from the Sustainability Reports of some of the large cement companies, serving to
indicate that these companies respectively consider the particular emissions addressed in this
paper as important key performance indicators (indicators used to indicate progress made).

Figure 3-2: An excerpt from the 2014 Lafarge Cement (Global) sustainability report
indicating a focus on reducing air emissions
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Figure 3-3: An excerpt from the 2014 Holcim Cement (Global) sustainability report
indicating a focus on reducing CO2 emissions

Figure 3-4: An excerpt from the June 2016 AfriSam (SA) (Pty) Ltd Sustainability Progress
Report indicating a focus on reducing air emissions
The ranking is done to determine the top three alternative fuels in terms of each fuel’s potential
to reduce air emissions from the kiln stack.
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RESULTS AND DISCUSSION OF THE EFFECTS SELECTED
ALTERNATIVE FUELS MIGHT HAVE ON CEMENT KILN STACK
EMISSIONS
4.1

Introduction

The aim of this chapter is to provide the results of the air emission calculations that were done
using the methodologies set out in Chapter 3. The first section of this chapter focuses on the
selection criteria used to evaluate the nine selected alternative fuels (following on those detailed
in Chapter 2). In this first section, the alternative fuels were judged based on their heating values
and chemical composition (the first three criteria in Table 2-5). The second section presents the
results of the emission calculations (using the methodologies given in Chapter 3) and assessing
it against the final three criteria in Table 2-5, pertaining to the emission of CO2, NOx and SO2.
4.2

Application of the chemical and physical criteria

The following series of graphs indicate the following:


The heating value of the evaluated alternative fuels in comparison to the heating value of
bituminous coal;



The circulating element content of each of the evaluated fuels in comparison to the
circulating element content of bituminous coal (averaged from a number of sources (see
Annexure A)) chlorine (“Cl”) and sulphur (“S”);

The respective values for bituminous coal are taken from Kalenga, et al. (2011).
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Figure 4-1: Heating value of evaluated alternative fuels in comparison to the average
heating value of bituminous coal and the minimum heating value as per the
selection criteria (see Annexure A for references to data sources).

As indicated in section 2.9.1 the heating value of fuel should preferably not be less than 14 MJ/kg
(the first criteria in Table 2-5). As can be seen in Figure 4-1 all of the evaluated alternative fuels,
with the exception of Municipal Solid Waste and Spent Pot Liners, meet this requirement. Of the
evaluated alternative fuels Solvents, Waste Oils and Waste Tyres are the only fuels with heating
values comparable to that of bituminous coal.
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Figure 4-2: Chlorine content of evaluated alternative fuels (%) in comparison to the
chlorine content of bituminous coal (see Annexure A for reference to data
sources).
In Table 2-5 the maximum allowable chlorine concentration of a fuel is given as 0.2% (refer to
section 2.9.1, second criteria in Table 2-5). Of the evaluated alternative fuels Waste Oils, Waste
Tyres, Sewage Sludge and Wood Chips are within this limit. No data could be found for Spent
Pot Liners. This might either be due to Spent Pot Liners containing no chlorine or simply a lack
of data. Be it as it may it is being put forth as an uncertainty. Meat and Bone Meal, Municipal
Solid Waste, Refused Derived Fuel and Solvents all exceed the 0.2% upper limit.
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Figure 4-3: Sulphur content of evaluated alternative fuels (%) in comparison to the sulphur
content of bituminous coal (see Annexure A for reference to data sources).
The maximum allowable sulphur content for a fuel is given as 2.5% in Table 2-5 (criteria 3). None
of the evaluated alternative fuels exceeds this limit, however, Sewage Sludge, Solvents, Waste
Oils, and Waste Tyres all exhibit sulphur content higher than what is found in bituminous coal.
4.3

Calculation of the potential emission changes when co-processing alternative fuels

In this section, the calculation methodologies described in Chapter 3 are applied to the nine
evaluated alternative fuels. Calculations are done for CO2, SO2 and NOx.
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Potential CO2 Offset for 1 ton of coal replaced with an
alternative fuel (tonnes)
Municipal Refuse
Solid… Derived
Fuels

Potential change in CO2
emissions (tonnes)

2,50
2,00

Spent Pot
Liners

1,50
1,00
0,50
0,00
Waste
Tyres

-0,50
-1,00
-1,50
-2,00
-2,50

Meat and
Bone
Meal

Solvents

Waste
oils

Wood
chips

Sewage
sludge

Alternative Fuel

Figure 4-4: The carbon dioxide offset potential of the evaluated alternative fuels (see
Annexure B for reference to data sources).

The graphic above indicates the CO2 offset potential of the evaluated alternative fuels. The
orange line represents a scenario where no alternative fuel is co-processed, i.e. only coal is used
as a fuel, and the CO2 offset is, therefore, zero. Municipal Solid Waste, Refuse Derived Fuel and
Spent Pot Liners will all potentially lead to an increase in CO2 emissions when co-processed.
Meat and Bone Meal, Sewage Sludge and Waste Oils shows the most potential in terms of CO2
offsets.
It should be noted that the potential CO2 offsets resulting outside of the kiln system, e.g. savings
due to decreased transport requirements, nor the potential increases, e.g. increased preprocessing requirements, are not taken into account in these calculations.
Waste oils, with its high heating value of 32.87 MJ/kg and good CO2 offset potential of 1.02 tonnes
of CO2 per tonne of coal replaced, shows good potential among the evaluated alternative fuels.
Solvents is a close second and are actually quite comparable to waste oils with only marginally
lower heating value and CO2 offset potential. The results obtained for oils and solvents are in
contention with the findings reported by de Vos, et al. (2007:25) who found that solvents and oils
might actually lead to an increase in net CO2 emissions.
Meat and Bone Meal shows good CO2 offset potential, in contrast to Rahman, et al. (2014:925)
who reported potential increases in net CO2 emissions, this can be attributed to the fact that only
direct CO2 emissions (i.e. from the stack) were accounted for during this study as opposed to
Rahman, et al. (2014:925) who considered indirect CO2 emissions as well and attributed the
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increase to the fact that more MBM will have to be transported to the cement production plant due
to the fuel’s low heating value, necessitating increased substitution levels.
The results obtained for waste tyres (160kg of CO2 per tonne of coal substituted) is considerably
higher than the values reported by Worrell, et al. (2008:27), who reported a potential reduction of
12kg of CO2 per tonne of coal substituted, and Fiksel, et al. (2011:26), who reported a potential
offset of 54.3kg of CO2 per tonne of coal substituted.
Some of the fuels that were analysed indicate that it could potentially increase CO2 emissions,
including refused derived fuels; municipal solid wastes; and spent pot liners. Refuse derived fuels
indicated a potential increase in CO2 emissions. This is in contrast to results obtained by Genon
& Brizio (2008:2378) who reported that an offset is achievable.
As opposed to Cheung, et al. (2006:200) and Güereca, et al. (2015) who reported potential CO2
offsets when co-processing municipal solid waste, the results obtained during the calculations for
this research paper indicated a potential increase of 2.01 tonnes of CO 2 per tonne of coal
substituted.
Spent pot liners showed a potential increase in CO2 emissions when co-processed to the effect
of 2.06 tonnes of CO2 per tonne of coal substituted. This is in line with the results reported by
Kaddatz, et al. (2013:418), but not with the findings made by Lechtenberger (2009:37) who found
that SPL might improve CO2 emissions.

45

Nox emissions (tonnes/year)
Nox

Target plant annual Nox emissions (ton/year)

Emissions (tonnes/year)

600
500
400
300
200
100
0
Meat and Municipal
Refuse
Bone Meal Solid Waste Derived
Fuels

Sewage
Sludge

Solvents

Spent Pot Waste oils
Liners

Waste
Tyres

Wood chips

Alternative fuel

Figure 4-5: The potential reductions in nitrogen oxides emissions when co-processing
alternative fuels (see Annexure B for reference to data sources).

From the graphic, it is clear that all of the evaluated alternative fuels could potentially result in
reduced NOx emissions when co-processed. It should again be noted that the possible changes
to the character of the burner flame have not been taken into account. As indicated earlier the
majority of the NOx is actually a result of the character of the flame and to a lesser extent the fuel.
Therefore these results must be taken at face value while keeping in mind that the character of
the flame has not been taken into account. That being said all of the evaluated alternative fuels
exhibit similar effects on NOx emissions resulting in reductions from 500 tonnes/year to 173 – 176
tonnes per year.
Although the results are fairly close, meat and bone meal and sewage sludge showed the most
potential in reducing NOx emissions (both reducing the NOx emissions from 500 tonnes per year
to 173 tonnes per year). The potential reduction achievable when using MBM is also reported by
Chinyama (2011:278). This is also supported by the findings respectively made by Zabanviotou
& Theofilou. (2008:538) and Lv, et al. (2016:597) who also reported potential reductions in NOx
emissions when co-processing sewage sludge.
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SO2 emissions (tons/year)
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Figure 4-6: The potential reductions in sulphur dioxide emissions when co-processing
alternative fuels (see Annexure B for reference to data sources).

Similarly, as with NOx, the co-processing of alternative fuels seem to result in a positive effect on
SO2 emissions. SO2 emissions are not influenced by the character of the burner flame but are
solely influenced by the sulphur content of the raw materials and fuels in the kiln. Of the evaluated
alternative fuels Sewage Sludge and Waste Tyres seem to have the best effect on SO2 emissions,
while Meat and Bone Meal and Wood Chips have the worst. However, the results are so close
to each other and all of the evaluated alternative fuels exhibited an improvement. The low SO2
emission levels could potentially be attributed to the 60 – 80% retention factor given by Manning,
et al. (2003:33).
4.4

Final ranking of the evaluated alternative fuels

Based on the criteria outlined in Table 2-5 for the selection of alternative fuels that could improve
kiln stack emissions the most, namely:
1. The heating value must not be less than 14 megajoules per kilogramme;
2.

The chlorine content of the fuel must not exceed 0.2%;

3.

The sulphur content of the fuel must not exceed 2.5%;

4.

The fuel must show a potential improvement in CO2 emissions;
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5.

The fuel must show a potential improvement in NOx emissions; and

6.

The fuel must show a potential improvement in SO2 emissions.

The alternative fuels can be arranged as in Table 4-1.
Table 4-1: Ranking of alternative fuels based on selection criteria
Rank

Heating
Value

Chlorine
content

Sulphur
content

CO2 offset

NOx
emissions

SO2
emissions

1

Waste oils

Waste oils

Wood
chips

Sewage
sludge

Meat and
Bone Meal
Sewage
Sludge (tied
for first)

Sewage
sludge
Waste tyres
(tied for
first)

2

Waste
tyres

Waste tyres Municipal
Wood chips Solid
Waste
Sewage
sludge (tied
for second)

Meat and
Bone Meal

Municipal
Solid Waste
Refuse
Derived
Fuels
Solvents
Spent Pot
Liners (tied
for second)

Solvents
Waste Oils
(tied for
second)

3

Solvents

Refuse
Derived
Fuel

Spent Pot
Liners
Refuse
Derived
Fuel
(tied for
third)

Waste oils

Waste oils
Waste tyres
Wood chips
(tied for
third)

Refuse
Derived
Fuels
Spent Pot
Liners
(tied for
third)

4

Meat and
Bone Meal

Municipal
Solid
Waste

Meat and
Bone Meal

Solvents

Municipal
Solid Waste

5

Wood
chips

Meat and
Bone Meal

Solvents

Wood
chips

Meat and
Bone Meal

6

Sewage
sludge

Solvents

Waste oils

Waste
tyres

Wood chips

7

Refuse
Derived
Fuels

Waste
tyres

Refuse
Derived
Fuels

8

Spent Pot
Liners

Sewage
sludge

Municipal
Solid
Waste

9

Municipal
Solid
Wastes

Spent Pot
Liners
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Although sewage sludge was repeatedly at the top of the list in terms of kiln stack emission
improvement it ranked quite low in terms of heating value, which might translate to an increased
substitution requirement to achieve the thermal energy required for clinker production. Wood
chips did not do well when measured against any of the criteria and it can safely be assumed that
it is at the bottom of the list in terms of potential as a candidate alternative fuel. When considering
all criteria, it appears that waste oils, sewage sludge and waste tyres were the top performers and
the best potential candidates when considering co-processing with the intent to improve kiln stack
emissions.
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CONCLUSION AND RECOMMENDATIONS
In Chapter 5, the results of the calculations to determine if the air emissions from the cement kiln
stack would change following the substitution of a tonne of bituminous coal with a tonne of specific
alternative fuels are discussed. There is a strong possibility that not all co-processing will result
in reduced CO2 emissions and this has mostly to do with the type of alternative fuel being coprocessed. The calculations even showed that some alternative fuels might lead to an increase
in CO2 emissions (bar possible indirect reductions such as reduced transportation or decreased
activity from dedicated waste incinerators).
In this Chapter, the sub-research questions posed in Chapter 1 will be discussed in terms of
possible conclusions and recommendations in terms of the sub-research questions posed in
Chapter 1.
5.1

Findings and conclusions

From the calculations that were performed (these can be found in Chapter 4) it is evident that
alternative fuel co-processing do in fact have the potential to change cement kiln stack emissions
for the better. However, the ability of co-processing to achieve this outcome depends on the
chemical composition of the alternative fuel whilst the cement producer must also keep other
aspects, such as environmental and occupational health and safety impacts in mind when
selecting an alternative fuel. The following section provides a summative conclusion on the
findings made in relation to the sub-research questions posed in Chapter 1:
5.1.1

The priority air emissions in the cement production industry (sub-research
question 1):

It was seen that a number of gaseous and particulate emission result from cement production. It
was found that the most important of these emissions to the cement producer includes: Carbon
Dioxide (a known greenhouse gas), sulphur dioxide and the oxides of nitrogen, the latter two
respectively impacting on the environment by causing eutrophication of water sources and
acidification of soils through acid rain (Boesch & Hellweg.

2010:9145; Hasanbeigi, et al.

2012:17).
5.1.2

Alternative fuels regularly used in the cement industry and some of its
characteristics (sub-research question 2)

The second sub-research question considered which alternative fuels are more regularly used in
cement manufacturing. Although there are more than 250 alternative fuels listed in the GTZHolcim Guidelines (2006) there seems to be only a couple that makes a regular appearance in
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literature, these include: waste tyres and tyre derived fuel; spent pot liners; plastic waste; sewage
sludge; solvents and spent oils; municipal solid waste; refuse derived fuels; meat and bone meal;
and agricultural biomass (Chinyama. 2011; Mokrzycki & Uliasz-Bochencsyk. 2003; Rahman,
et al. 2015). Some other fuels are also used, but to a lesser extent than the aforementioned,
including for example non-agricultural biomass; automobile shredder residue; oil soaked rags and
paper residue (Rahman, et al. 2015:94).
The characteristics of the aforementioned alternative fuels are as varied as the sources from
which they are derived. Waste tyres, for instance, are characterised by high heating values (Hita,
et al. 2016:748), low moisture contents and high metal contents (EC. 2003; Rahman, et al.
2015:88). Conversely, municipal solid wastes are characterised by relatively low heating values,
high moisture contents and contain a lot of hazardous chemicals, especially chlorides (Rahman,
et al. 2015:90; Zhou, et al. 2014:108).
5.1.3

The alternative fuel selection criteria used by cement producers (sub-research
question 3).

It was found that there seem to be no universal criteria for the selection of alternative fuels with
the intention of using these fuels for co-processing. Each country seems to have its own criteria
based on the local situation (in terms of the local environment, economy and regulatory policy).
That being said, there does seem to be a general trend in selection criteria and many similarities
are evident. Based on this fact the following selection criteria were identified: regulatory; waste
management related; fuel specific; operational; environmental, health and safety; quality; and
social (GTZ-Holcim. 2006).
5.1.4

Selection criteria used in this study.

To address the main research question on whether or not alternative fuel co-processing is a
feasible way to reduce kiln stack emissions environmental criteria were emphasised and used to
answer the fourth sub-research question, these included: the heating value of the alternative fuel,
which has to strike a medium between the lowest acceptable heating value before the cement
manufacturing process is negatively affected and heating values required in the secondary
combustion zones, such as in the calciner; the chlorine content of a fuel as excessive chlorine
can lead to adverse process impacts and the emission of pollutants such as hydrogen chloride;
the sulphur content of a fuel, because as opposed to NOx emissions which largely depend on the
character of the burner flame used to apply heat to the kiln system, the emission of SO2 largely
depends on the sulphur content of the fuels and raw materials introduced into the kiln; a fuel’s
potential to improve CO2 emissions, considering that cement production is one of the main
contributors of this greenhouse gas globally; and a fuels potential to improve NOx and SO2
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emission, based on the fact that these pollutants are quite harmful to the environment and human
health and because cement producers of including these emissions as part of a company’s key
performance indicators as the emissions are closely linked to operational health.
5.1.5

The alternative fuels with the best potential to reduce kiln stack emissions (subresearch question 4)

The potential changes to kiln stack emissions were stated in Chapter 4. It was found that not all
alternative fuels have the capability to improve kiln stack emissions, or that not all alternative fuels
could improve kiln stack emissions to the same degree. In terms of CO2 offset, it was found that
sewage sludge, meat and bone meal, and waste oil shows the most potential. On the other hand,
it was found that municipal solid waste, refused derived fuel and spent pot liners could actually
potentially increase CO2 emissions when co-processed. Where an alternative fuel showed
promise in terms of one criterion, it often lacked in terms of another. A happy medium must also
be struck between heating value and emission reduction potential, to this effect the top performers
were found to be waste oils, sewage sludge and waste tyres.
5.2

Recommendations

It is recommended that when cement producers opt to co-process alternative fuels a detailed
analysis of the fuel characteristics is undertaken prior to utilisation of said fuel. Should the cement
producer choose to do so, they may use or adapt the selection criteria contained in this study.
In terms of future research, it is recommended that some pilot studies involving the co-processing
of alternative fuels are undertaken. In terms of environmental management it might be a good
idea if future students assess the quality and appropriateness of environmental impacts studies
and/or environmental management programmes that have been specifically compiled to obtain
authorisation for alternative fuel co-processing seeing that this practice is already becoming more
prominent with most of the larger South African cement companies (including PPC, HolcimLafarge, NPC and AfriSam) already co-processing alternative fuels or planning on doing so in the
near future.

Furthermore, environmental science or chemistry students might benefit from

collecting samples of the alternative fuels available in South Africa and run pilot studies to confirm
the tentative findings made in this study.
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ANNEXURE A: PROPERTIES OF ANALYSED ALTERNATIVE FUELS

Alternative Fuel

Chlorine (%)

Sulphur (%)

References

Coal

0,1

0,4

Meat and Bone Meal

1

0,4

Municipal Solid Waste

1,02

0,15

Refuse Derived Fuels

0,6

0,3

Sewage sludge

0,1

2

Åmand & Leckner (2004:1805)
Beckman & Ncube. (2007:7)
Kalenga, et al. (2011)
Rahman, et al. (2015:93)
Rahman, et al. (2015:94)
Reza, et al. (2013:108)

Solvents

2,4

0,7

Spent Pot Liners

0

0,3

Waste oils

0.002

0,83
61

Waste Tyres

0,063

1,554

Wood chips

0,1225

0,06

62

Reference

Emission
factors (ton
Carbon / ton)

Water Content
(%)

Carbon content
(% by dry
weight)

Fuel

Average
heating value
(MJ/kg)

ANNEXURE B: EMISSION CALCULATION DATA

Benhelal, et al. (2013:154)
Murray & Price (2008:18)
Wood chips

18,28

50,00

33,30

0,33

Coal generally
used in the cement
kiln (bituminous
coal)

27,00

68,60

8,10

0,63

Kalenga, et al. (2011)

0,29

Benhelal, et al. (2013:154)
Murray & Price (2008:18)

Meat and Bone
Meal

22,40

34,00

15,00

Municipal Solid
Waste

7,10

40,00

22,50

0,31

Benhelal, et al. (2013:154)
Murray & Price (2008:28)

Refuse Derived
Fuels

14,00

60,00

4,27

0,57

Murray & Price (2008:28)

Sewage sludge

17,00

21,80

75,00

0,05

Murray & Price (2008:18)

0,41

Murray & Price (2008:49)
Rahman, et al. (2015:93)

0,35

Indurkar (2013)
Pong, et al. (2000)

0,44

Benhelal, et al. (2013:154)
Murray & Price (2008:24)

0,71

Chinyama (2011:272)
Lamas, et al. (2013:205)
Usón, et al. (2013:248)

Solvents
Spent Pot Liners
Waste oils

Waste Tyres

29,15
8,00
33,54

32,87

47,70
36,59
46,00

71,85

14,60
3,46
5,00

0,66

63

