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ABSTRACT
The management of biosolids, the major by-product from wastewater treatment plants
(WWTPs), exists as a main global challenge which takes up most of WWTP operating costs. Selfsustaining smouldering is a new method for organic waste treatment, where the waste (i.e.,
biosolids) is destroyed in an energy efficient way after mixing it with porous medium (i.e., sand).
Column experiments, utilising biosolids generated from a WWTP, were used to detect whether
smouldering combustion was able to be utilized for biosolids treatment or not. According to the
peak tempertures of thermocouples obtained from the experiments, it can be identified whether
the smouldering reactions are self-sustaining (SS) or non-self-sustaining (NSS). In addition, the
average front velocity (AFV) can be calculated then. In this study, Self-sustaining Treatment for
Active Remediation applied ex-situ (STARx) refers to the commercial technology which utilizes
smouldering combustion to destroy organic wastes (i.e., biosolids). An economic consideration
would be completed to estimate the expected payback period and cost savings for considering
STARx as a biosolids treatment retrofit in a large WWTP in Australia. The cost savings and payback
period concerning replacing either landfill or incineration were considered as these are the most
popular disposals for biosolids treatment. Finally, it is obtained that STARx is a good option to be
employed in the WWTPs which have employed typical disposal methods (e.g., landfill and
incineration) for recent decades.
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CHAPTER 1 INTRODUCTION
1.1 Problem Overview

In 1842, Chadwick et al. (1843) explicitly addressed the negative influences of untreated
wastewater on the surrounding environment in London, UK, which is recorded as the first main
campaign for treating wastewater in Great Britain [1]. At present, robust urban wastewater
treatment keeps important in protecting environmental quality and remaining public health.
However, it brings a global challenge because of the expensive and complex treatment processes
needed to address wastewater risks. Municipal WWTPs, combined with drinking water services,
accounts for 3-4% of all energy consumption in the U.S. and 30-40% of total energy consumed by
municipalities, costing $4 billion/year [2]. Commonly, the majority of WWTPs costs are devoted
to biosolids management, which makes it the most expensive step of the WWTP process. The
management of biosolids has been a topic of interest in the research world for recent years.
Wastewater treatment plants (WWTPs) remove contaminants from sewage in order to permit the
treated water to be safely discharged. In Canada, the major disposal methods to treat biosolids
include incineration, land application for agricultural purposes and landfilling [3]. However, they
are all expensive where they require long transportation and high energy input [4,5,6]. Moreover,
land application is subject to limitations and uncertain risks stemming from contaminants of
emerging concern [7,8]. Therefore, there is a strong requirement to supply novel alternatives.
Self-sustaining smouldering reaction has been proven in the laboratory as a treatment option for
hazardous liquid contaminants (such as coal tar, crude oil, and trichloroethylene) and organic
waste with moisture content as high as 70% (wet mass basis) [9,10,11,12]. Smouldering
combustion is a flameless, heterogeneous oxidation reaction where the surface of the fuel is
directly attacked by the oxidizer at temperatures commonly between 500 - 700°C [13,14]. A selfsustaining smouldering reaction can be initiated by mixing the organic waste within an inert
porous medium (sand in this project) and propagated via providing a forced airflow, destroying
organic waste (i.e. biosolids) [9]. Smouldering is an energy efficient solution for mass destruction
as a self-sustaining reaction is achievable with the use of a short and localized energy input for
ignition. The high heat capacity of the mixture alleviates heat losses away from the reaction while
the reaction while the unbending structure increases airflow, and the big proportion of the
exposed fuel surface area increases surface reactions [9]. Smouldering is also a robust method for
the destructing low calorific or high moisture content organic wastes, such as biosolids [12]. Due
to these characteristics of smouldering combustion, it should be recommended that smouldering
combustion is a low energy, cost-effective and environmentally friendly alternative for WWTPs’
biosolids treatment.
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1.2 Project Objectives

The aim of this project is to investigate the viability of treating biosolids with using smouldering
combustion as a novel alternative disposal for WWTPs’ biosolids. In order to achieve the aim, a
few specific objectives of the project have to be achieved, including:
•

design the experimental system used for biosolids smouldering combustion;

•

conduct preliminary experiments on self-sustaining smouldering combustion of
biosolids; and

•

carry out preliminary techno-economic analysis of using full-scale smouldering system in
real WWTPs.

1.3 Thesis Outline

This thesis consists of 5 chapters (including this chapter). Each chapter is listed as follows:
•

Chapter 1 introduces the background and objectives of the present research.

•

Chapter 2 reviews the relevant literature and presents an overview of the wastewater
treatment process focusing on biosolids processing and management. Moreover, an
introduction to smouldering combustion is demonstrated, and the literature discusses
the parameters which can influence the self-sustaining smouldering reaction.

•

Chapter 3 summarizes the methodology employed to achieve the project objectives,
accompanied by the experimental equipments, analytical techniques, and the design of
air diffuser.

•

Chapter 4 represents the results obtained from the experimental study exploring the
viability of smouldering with biosolids and the judgement of SS and NSS smouldering
combustion. In addition, a detailed economic consideration, which estimates the cost
savings and payback period for replacing landfill and incineration with STARx, is provided.

•

Chapter 5 summarizes the research conducted in this work and presents conclusions as
well as recommendations for future work.
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CHAPTER 2 LITERATURE REVIEW
2.1 Motivation of Treating Biosolids
2.1.1 The Challenges for WWTPs
Energy used for wastewater treatment is characteristically among the largest contributors to total
energy use faced by urban water and wastewater utility providers, particularly relevant in
Australia. It is noted that most of the Australian wastewater treatment plants (WWTPs) are smallto medium-sized plants of the extended aeration activated sludge type that lack energy recovery
systems and have the relatively poor economics of scale. However, the main part of the
combined equivalent population wastewater load in Australia is treated in medium to large
WWTPs which have the better economics of scale and either has energy recovery systems or
potential to install and optimise energy recovery [15]. The relationship between water and
energy receives much attention worldwide in the research to meet the growth demand because
of an increase in both population and consumption levels [16]. According to Kenway, energy used
for treating wastewater related to urban water delivery and use in Australia in 2006-07 took up
6,811 Gwh (Gega-watt-hour) of equivalent primary energy use per one million people. This was
also equal to 13% of Australia’s electricity use plus 18% of natural gas consumption, representing
9% of the equivalent primary energy use and 8% of Australia’s GHG emissions [17]. The majority
of the urban water energy use was related to residential, industrial and commercial uses and
dominated by residential hot water use. Energy use for utilities in the provision of water and
wastewater services took up, in average, approximately 10% of energy associated with water, of
which around half was related to wastewater pumping and treatment [17]. The sewage is treated
in wastewater treatment plants (WWTPs) by different chemical, physical, and biological processes
to remove damaging constituents and alleviate hazards to the surrounding environment [18].
Thus, the treatment of municipal wastewater is an energy intensive and operationally demanding
public operation which needs vast capital and intricate infrastructure [15]. It is reported by U.S.
EPA that there are energy intensive operations in urban WWTPs, taking up 3–4% of all energy
consumption in the United States and 30% - 40% of total energy consumed by cities, costing $4
billion per year. In addition, it is estimated that $298 billion is needed in the United States ($39
billion in Canada) to expand and upgrade WWTP infrastructure [3,19]. The same as a developed
country, WWTPs in Australia should face a largely economic challenge as well. However, it is
reported that there are no Australian Standards applying to biosolids use.
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2.1.2 The Introduction of Biosolids
Biosolids, the major by-product from WWTPs, are a combination of particulate solids from the
wastewater influent and biomass produced during the biological processing are settled during
primary, secondary, and any additional clarification as sludge and sludge management persists as
one of the greatest challenges in WWTPs [20]. The Fact Sheet prepared by the Australian and
New Zealand Biosolids Partnership (ANZBP) demonstrates that biosolids are treated sewage
sludges and sewage sludge is the solids which are collected from the wastewater treatment
process but not undergone further treatment. In order to gain the beneficial use of biosolids,
sludge requires being undergoing further treatment to produce biosolids and reduce risks
contributing to pathogens and volatile organic troubles [21]. The solids ratio of the sludge is
commonly between 0.25 and 12% by mass following clarification, where more than 70% of the
solids are volatile [18]. The volatile solids are mostly made up of organic matter, which is
measured as the dry mass lost after ignition [22]. However, it is reported by ANZBP that the solids
fraction of the produced biosolids is between 15% and 90%, which proves the significance of
further treatment [23].
The sludge undergoes different sorts of biosolids processing steps, including preliminary,
thickening, stabilization, conditioning, and dewatering. In order to raise the solids content, the
primary goal for biosolids processing is to lower the moisture content by removing water,
therefore, drastically decreasing the total volume [24]. The resulting biosolids are easier to
manage in terms of transporting and handling, more valuable for land application because of the
incremental nutrient concentration, and more convenient to incinerate because of incremental
volatiles concentration [4,5]. Main processing costs are used for removing the high fraction of
absorbed water, such as interstitial, bound, and surface water, which requires multiple processing
steps [6,25].
It is clear to be seen from Figure 1 that preliminary processing, which does not significantly
reduce moisture content, is used to prepare the biosolids for subsequent processing [24,26].
Similarly, conditioning is chiefly employed to enhance the dewaterability of sludge [18,27].
Thickening removes liquid from the sludge to enhance downstream processing and disposal
[18,28]. The principle of dewatering to lower sludge MC is similar to thickening. Stabilization is
commonly employed to lower the pathogen sum and enhance the aesthetic qualities. Moreover,
stabilization lowers the volatile solids content of the sludge as well, thereby lowering the volume,
and is needed prior and land application to mitigate pathogen loading [29]. With the use of the
biosolids processing path, the moisture content of biosolids may drop from 99% to 50% [18]. Due
to problematic sludge properties and its variability, a serious challenge in designing, operating
and maintaining steady biosolids processing is created. Generally speaking, the management of
biosolids is a complicated task for WWTPs worldwide and the processing degree is usually
optimized against the disposal cost [18,30].
4

2.1.3 Biosolids in Australia
Total biosolid production in Australia was almost 330,000 tonnes of dry solids in 2012-2013 while
the production was 300,000 tons in 2019-2010. Therefore, it can be found that there is an
increase trend of Australian biosolids production every year. Figure 1 shows that the fraction of
the biosolids production in each state in 2012-13. It is obvious to be seen that the biosolids
produced in WA was 8% and much lower than most of the states, such as NSW, VIC and QLD [21].
The reason why there is a big difference of biosolids production among all the territories may be
due to population difference. Biosolids should be carefully treated and monitored and they must
be used according to regulatory requirements. It needs to be mentioned that Australia has one of
the strictest regulatory regimes for biosolids application and use all over the world [23].
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21%
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NT
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SA

TAS

Figure 1 Biosolids produced by state and territory in 2012-2013 [21]
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2.2 The Methods of Treating Biosolids

Figure 2 below show the significance of the different biosolids treatment in each state and
the rate of various biosolids treatment which takes up all treatments in Australia, respectively. By
observing these two graphs, it is easy to know that the most popular method to treat
biosolids in Australia is the land application for agriculture, which is dominating among all
the options. The major disposal methods for biosolids all over the world include incineration,
land application for agricultural purposes, and landfilling, which will be introduced in details
below [31].

2%

20%
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6%

59%

3%
4%

Unspecified2%

Stockpile

Ocean discharge

Landscaping (compost)

Landfill

Land rehabilitation

Agriculture

Figure 2 Biosolids treatment by category in 2012-2013 [21]

2.2.1 Incineration
Incineration is the processes of thermally degrading biosolids by flaming combustion of the
released biosolids volatiles at approximately 800°C (fluidized bed incinerators) or 500°C (multiple
hearth incinerators) [32,33]. Generally speaking, fluidized bed incinerators are accepted as the
more efficient option and present the stronger economic potential [4,34]. While incineration can
be an economic option, there are major costs concerned about dewatering the biosolids to 85 –
65% MC, the use of supplemental fuel for ignition and continuous addition to maintain
incineration [18,33]. Given that biosolids combustion follows the water drying and release of
volatile components, a large amount of water requires being boiled from the biosolids prior to
combustion [35]. Biosolids with MC more than 70% commonly needs a continuous addition of
supplemental fuel while biosolids with MC less than 70% may be able to incinerate in a self6

sustaining manner [3]. Incineration is an attractive technology for meeting future requirements
because of its low space footprint, significant waste volume reduction, and potential for energy
recovery [4,36]. However, it can bring hazardous pollutants as well, which is the main reason why
it is not encouraged to employ.

2.2.2 Land Application for Agricultural Purposes
As mentioned above, the biosolids production increases very sharply, which bring the increasing
cost of biosolids management. Therefore, there is a strong demand to treat biosolids sustainably.
Land application is a kind of sustain method to treat biosolids. Land application suggests the use
of steadied biosolids as a fertilizer for agriculture [21]. Biosolids can be used for beneficial uses
because there are valuable constitute components in them, including macronutrients which are
essential for crop growth (such as nitrogen, phosphorus, potassium, and Sulphur), micronutrients
that release slowly during plant growth (such as copper, zinc, calcium, magnesium, iron, boron,
molybdenum and manganese), organic and inorganic matter. Some benefits of land application
include improving soil water retention, aggregate stability, and slow releasing nutrients, which is
otherwise achieved by chemical manufactured fertilizer or malodorous livestock manure that
leads to carbon emissions [21]. It is claimed that every tonne of biosolids used in agriculture to
replace inorganic fertilisers is estimated to avoid up to six tonnes of carbon dioxide which would
be emitted in the production process [37]. Land application is considered as the most effective
way to completely use the organic carbon and nutrients within biosolids and is encouraged
where the land is available, the biosolids are of adequate quality, and it is socially acceptable.
Therefore, the biosolids can be employed effectively as a good fertilizer or a soil amendment to
improve the land [23].
2.2.3 Landfilling
Biosolids landfilling options include disposal in a monofil which accepts only biosolids of WWTPs
and co-disposal landfill that combines biosolids with municipal solid waste. Landfilling is suitable
when land application or other benefited reuse is impossible, such as land acquisition
constraints, a high concentration of metals or other toxins in the biosolids, and odorous material
which might create a public nuisance. The advantages of landfilling biosolids include:
•

This method is suitable for solids with high concentrations of metals or other toxics.

•

Land area requirement is smaller in comparison with land application.

•

Landfilling enhances compaction of solid waste and facilitates biogas production.

•

Landfilling may demonstrate the most economical biosolids management solution,
especially for malodorous biosolids [38].

2.2.4 Motivations to Develop Novel Alternatives to Treat Biosolids
The benefits of the major disposal methods have been introduced above. However, there are
several drawbacks as well. All of these methods are expensive where they need high energy
input, many person-hours, and large transportation distances. In terms of incineration, the major
7

problem is related to the gas emissions, particularly the strict requirements concerning the
production of particulates, NOx, SOx, and CO, which exert a negative impact on the surrounding
environment [33]. Moreover, there are some challenges of land application, including:

•

Increasing the cost of transport because of increased fuel prices and increasing
volumes of biosolids production. Dehydrated biosolids are commonly transported to
the land application sites in enclose trucks. In the same way where commercial fertilisers
are transported, biosolids are generally delivered prior to crop planting. Wonderful
practice needs cleaning any excess biosolids from the exterior of the vehicle prior to

transportation and after unloading. [6].
•

Identifying viable land application sites which are both appropriate and within costeffective transport distances. These sites are becoming less available because of
urban development [21].

•

Managing the odour involves that the community has about biosolids maintains a
challenge for the beneficial use of biosolids [21].

Land application is controversial and subject to restrictions as it brings uncertain risks from the
organic and inorganic contaminants in biosolids, such as trace elements, toxic chemicals, and
potentially harmful disease-causing organisms. Although the EPA in the United States of America
reports that there have been no documented cases of negative influences on human or stock
health when biosolids programs have met all the federal and state requirements, there is still a
low possibility that the risks will occur in the future [21].
In addition, the disadvantages of landfilling are also worth being paid attention, including:
•

Landfilling can cause the production of greenhouse gases, including methane. The
extended storage of biosolids in stockpiles may cause the loss of nutrients as well.

•

Landfilling removes the reuse potential of biosolids and may conflict with government
policies supporting reuse.

•

Extensive planning, covering selection landfill site, operation, closure, and post-closure
activities, is needed.

•

Groundwater contamination from leachate may lead to a problem.

•

Decomposition of biosolids produces methane gas, which must be collected and reused
or disposed of by flaring or venting [38].

Due to these drawbacks, the development of novel alternatives which is more environmentally
friendly and more economical is strongly required.
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2.3 Smouldering Combustion

This part introduces a novel alternative for biosolids management, smouldering combustion.
STARx (Self-sustaining Treatment for Active Remediation applied ex-situ) consults the commercial
technology which utilizes smouldering combustion to abolish organic wastes. It has been proved
to be promising for a variety of organic industrial liquid wastes including coal tar, crude oil, and
mixed hydrocarbons. Therefore, smouldering has the potential to be a low energy, low cost, and
effective method to destroy biosolids [39].

2.3.1 The Definition of Smouldering Combustion
Smouldering combustion is a flameless, heterogeneous oxidation reaction limited by the rate of
oxygen that can diffuse into the surface of the fuel, contributing to low temperatures and slow
reaction rates concerning flaming combustion. Smouldering is characterized as self-sustaining
when the reaction propagates using only the heat produced by the fuel’s oxidation after a short
and localized energy input for ignition [10]. Forward smouldering combustion can be
characterized by four zones: preheating, pyrolysis, oxidation, and cooling. The common example
of forwarding smouldering is smoking [40]. STARx quickens the reaction via utilizing forced air
flow and, taking advantage of the buoyant hot combustion gases, using upwards forward
smouldering. In this configuration, the reaction propagation and oxidizer flow are both in the
upward direction against gravity [41]. Upwards forward smouldering enhances efficient heat
transfer ahead to unburned fuel, which extends the fuel’s limits with the respect to quenching
related to those for flaming combustion. It means that smouldering is not easier to extinct than
flaming. Moreover, it can achieve a self-sustaining reaction taking advantage of fuels with pretty
low effective calorific values or high moisture content. With some exceptions, typical peak
temperatures for waste treatment processes are in the range 400 - 800°C and smouldering
velocities between 0.1 and 4cm/min [42].
2.3.2 The Parameters Affecting Smouldering Performance
A lot of papers in the literature have systematically studied that the impact of the key parameters
influencing the smoudering performance, which is commonly judged in terms of selfsustainability, average smouldering velocity, and average peak temperature. The velocity of
smouldering is a significant parameter in waste treatment processes because it is concerned
about the waste consumption rate or mass loss rate and will determine the reactor scale. In
addition to the smouldering temperature, it is concerned about the possibility of energy
recovery, heat losses and gas emissions [43]. Yermán has mapped that the parameter space for
conditions yielding to self-sustaining smoudering by varying moisture content, sand-to-fuel ratio,
and airflow rate. He found that if the moisture content of the waste is increased while the pack
height of mixture must be shortened and the sand concentration increased [43]. Therefore, it
proves that the ranges of self-sustainability for each parameter are not independent, rather they
are interdependent in a complex manner.
9

2.3.2.1 Moisture Content
The moisture content of the fuel mixture is a significant energy sink which influences the ignition,
and the conditions where sustained smouldering will occur without quenching [44]. Water
evaporation can be employed as a significant energy sink during the smouldering process. Close
to quenching limits, moisture content is an important parameter for the self-sustainability of the
smouldering propagation. The limit of moisture content for a self-sustaining smouldering process
is determined by the mixture pack height [12]. The pack height of mixture influences the timevarying distribution of moisture content, which occurs in two ways. From a thermal perspective, a
longer pack of cool material favours increased the degree of recondensation ahead of the
reaction front. From a hydraulic perspective, recondensed water is unbound and a longer pack
can generate a higher hydrostatic pressure at the moisture front resulting in more important
drainage downwards into the front. Consequently, quenching can be avoided by utilizing a
shorter pack [42].
2.3.2.2 Porous Medium
Inert porous medium which has been used in waste treatment processes includes sand, soil, a
mixture of both, gravel and refractory briquettes, which provides a high surface area for reaction
and adequate permeability for air flow. The porous material used in this project is sand and it is
also considered as the most common inert porous medium used for waste treatment application
because sand is cheap and available [42]. The influence of porous medium on smouldering
combustion can be explained through the porous medium concentration and the particle size.
Because the porous medium which acts as energy sink is commonly inert and not combustible,
part of the energy released from the exothermic oxidation has to be consumed on heating the
porous medium [42].
The air permeability or self-sustainability of the mixture is determined by the concentration of
the porous material in the smouldering mixture. If the concentration is too low, the air
permeability of the medium may not be sufficient for the oxygen to reach the fuel in the surface
of the porous material, and the smouldering will not propagate. At the other extreme, if the
concentration is too high, there may be not enough fuel to overcome heat losses and sustain the
reaction as the smouldering temperatures decrease when the porous medium concentration
increases [42].
The influence of the particle size is similar to the porous medium concentration. The particle
cannot provide enough air permeability to the mixture at low particle sizes. While the particles
size is too high, the energy is not efficiently transferred from the smouldering front to the portion
ahead as the hot gases pathway towards the end of the reactor is short [42].
2.3.2.3 Air Flow
Oxygen is essential to the smouldering to sustain the exothermic oxidation reactions. There is a
minimum oxygen concentration in the smouldering front needed for propagation, which is a main
function of the air permeability of the propagation material. If the oxygen concentration is more
than the minimum one, it will always be sufficient for self-sustaining propagation [42].
10

2.4 Economic Considerations

Rashwan has finished an economic analysis to estimate the expected payback period and cost
savings for considering STARx as a novel alternative to biosolids treat in a current WWTP.
Operating costs were assumed for a large WWTP similar to Greenway plant, a Canadian high
capacity plant that is rated at 150,000 m³/day influent which produced 45 dry tons/day of
biosolids in 2013. Saving cost concerned replacing both land application and incineration was
considered because they are the most popular disposal methods for biosolids treatment [31]. A
specific sequence of sludge processing steps or path is required by each biosolids disposal option
to make sure the waste is in an appropriate condition. As shown in Table 1, land application
needs some degree of stabilizing sludge to get biosolids for safe and beneficial use, which
depends on the desired biosolids MC, requiring rigorous thickening and dewatering with polymer
addition (e.g. polyacrylamide) as well [30]. However, the process of biosolids for incineration
does not need stabilization essentially but thickening and dewatering are significant to achieve
the MC between 60% and 85% [33]. An economical processing path, which follows the expected
changes in the properties of biosolids, is appropriate for treating biosolids via smouldering
combustion with the STARx process. Without additional polymer, the path only needs minimal
biosolids thickening and dewatering. Each step in the processing path requires plenty of costs,
depending on a few factors including local equipment, available infrastructure, prior processing,
influent characteristics, and plant size [18]. In terms of a supplied processing path, the high and
low ends path cost can be provided by summing the highest and lowest cost estimates for all
steps. The ranges of biosolids disposal cost exist per dry ton where the highest and lowest values
provide the boundaries. Therefore, it is possible to define the envelop of expected costs [42]. The
scope of possibilities in combining disposal costs to define the members of the sensitivity analysis
is presented in Table 1. Table 2 represents the expected costs for all typical biosolids processing
steps, including the ranges between the high and low end), and disposal options. All historic
values, from the United States Environmental Protection Agency technical documents, have been
converted by Rashwan to present value (2014) following standard U.S. inflation [42]. Land
Application costs may be offset up to $80 /wet ton by selling the material as fertilizer, but these
savings were neglected because of infrequent practice. Savron, a company which executed the
technology commercially, provided the STARx costs estimates [42]. The original investment of
$7.5 million is estimated to execute STARx in a WWTP to grip a high biosolids loading. In addition,
a conservative rate of 15% return was calculated during all discounted payback periods. It
requires to be mentioned that the capital cost concerned an incinerator or equipment for land
application is neglected as the analysis merely considers a WWTP retrofit [42].
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Table 1 Processing pathways for considered disposal options [42]
Disposal
Land Application

Incineration
STARx

Processing Path
Thickening, Polymer
Addition,
Stabilization, and
Dewatering
Thickening, Polymer
Addition, and
Dewatering
Minimal Thickening,
and Dewatering

Processing Cost Range

Disposal Cost Range

High/Low

High/Low

High/Low

High/Low

Low

Fixed

Table 2 Estimated biosolids processing and disposal cost ranges in U.S [42]

Processing

Disposal

Cost Range ($/dry ton
of biosolids)
Low
4
94
0
14
91
100
307

Thickening
Dewatering
Polymer Addition
Stabilization
Land Application
Incineration
STARx

High
40
260
27
470
440
330

Table 3 shows the potential cost savings and losses per day replacing incineration or land
application at a WWTP with STARx, based on Table 3. Savings from implementing STARx are
graphically represented with a circle, the size of which indicates the magnitude of savings, and
the associated text quantifies the savings and discounted payback period on the investment. In
addition, losses from implementing STARx are graphically represented with a triangle, the size of
which indicates the magnitude of losses, and the associated text quantifies the losses which
equal negative savings. Obviously in Table 2 above, there is a sensitive comparison between the
present operating costs for each processing path and disposal option, including estimated high
and low costs, except for STARx costs (i.e., capital, processing, and disposal) since it kept fixed.
The discounted payback periods on the original STARx capital have been involved for the lucrative
cases. The results in Figure 7 recommend that it may be cost-effective to displace current
disposal methods with STARx, in terms of these four cases [42].
Particularly, it is lucrative to displace land application in all cases excluding the situation in which
low land application costs and biosolids processing costs exist. In addition, the assumed cost
savings utilizing self-sustained smouldering are different between $5,000 and $30,000 per day.
Moreover, the analysis recommends that high costs for both land application and biosolids
processing are required for large WWTPs, the payback period for using STARx is estimated
approximately 1 year. It is very important because STARx is recommended as a lucrative retrofit
with a quite short payback period for a wide range of WWTPs which presently practice land
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application. The reason why there are high savings is mainly that removing sludge stabilization is
commonly a very expensive part of the disposal methods, as shown in Table 2. Among the four
cases presented in Table 3, there is only one opportunity for savings by displacing incineration
with STARx: cost savings of $8 000/day with a discounted payback period of 3 years for a huge
WWTP which presently experiences high incineration costs to manage biosolids. Based on the
provided information, it can be found easily that STARx is a lucrative retrofit for WWTPs which are
with a much narrower range and employ incineration at present [42].

Table 3 Summary of cost and benefit for replacing land application and incineration [42]
STARx vs
Incineration

Disposal Cost
Range

High
Low

STARx vs Land
Application
$5,000/day;
3 years

STARx vs
Incineration
$8,000/day;
3 years

STARx vs Land
Application
$30,000/day;
-$2,000/day
0.7 years
$20,000/day;
-$10,000/day -$10,000/day
-$700/day
1 year
Low
High
Biosolids Processing Cost Range

This economic analysis just demonstrates an original estimation. There are some significant
factors which were not considered, including:
1. A lot of WWTPs which experience incineration or land application are easily influenced by
various operating cost as the price of oil and gas fluctuates frequently. Lots of incinerators are
energy intensive and need fuel for starting operation while land application costs fluctuate
because of unstable transportation costs [5,6]. In contrast, the operating costs of STARx are not
much more affected by fluctuated fuel price because it experiences a self-sustained smouldering
reaction with minimal energy input.
2. STARx is quite helpful to heat energy recovery, either from hot sand or the emissions, which
can save most of biosolids processing costs [12].
3. The gaseous product from smouldering combustion requires to be treated as the emissions
have not been characterized. Therefore, there should be an additional cost for emissions
treatment system included in the capital and operating cost of STARx [42].
4. Similar to the gaseous product, the ash mixture requires to be assessed. The management cost
(landfilling which may bring more costs) needs to be considered for the capital and operating
costs of STARx if the ash is required to be treated. There are also some options which may offset
costs, including fertilizer potential from remaining nitrogen or phosphorous, the potential for
cement and other construction applications [45].
5. In order to employ poor biosolids (with higher moisture content or combined with less
biomass waste and sand), the quenching limitations of STARx should be extended at larger scales
[42].
6. The equipment maintenance of STARx has not been fully considered above. The maintenance
costs cannot be quantified exactly since there are not any relevant report concerning full-scale
utilization of STARx [42].
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2.5 Summary and Research Gaps

With the help of previous literature, the relevant knowledge between biosolids and smouldering
combustion have been introduced in details. The nature and origin of biosolids were provided
and the disposal methods to treat biosolids were introduced. Moreover, it was mentioned that
smouldering combustion is a common technology to treat organic waste, including biosolids. In
addition, the parameters which can influence the self-sustaining smouldering reaction were
listed. Before doing this project, Rashwan et al. have already investigated the smouldering
combustion of biosolids with sand and smouldering combustion demonstrate an excellent
opportunity as a novel way to managing biosolids. However, drying is still required to reduce the
moisture content of biosolids below 70 wt% in order to achieve self-sustaining smouldering
combustion. This drying process is however energy intensive. To address this issue, this project
proposed to mix biosolids with waste biomass (of lower moisture content), indirectly drying the
biosolids to a moisture content below the required one for achieving self-sustaining smouldering
combustion. Therefore, smouldering combustion of the mixture of biosolids and waste biomass is
the main and initial aim of the project. However, due to the long time consumed in setting up the
experimental system and the time constraints for me, the aim of the project has to be changed
into setting up the smouldering combustion experimental system and conducting preliminary
economic analysis of biosolids smouldering combustion.
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CHAPTER 3 EXPERIMENTAL PROCEDURE
3.1 Employed Biosolids
3.1.1 The Introduction of Employed Biosolids
Table 4 and Table 5 show the provided information concerning the proximate and ultimate
analysis of the taken samples, and the basis of expressing fuel composition, respectively.
The data in Table 4 is all provided by local WWTPs. In addition, there should be a little metallic
content in the investigated samples but not be provided.

Table 4 Proximate and ultimate analysis of the biosolids
Proximate analysis (wt%, dry basis
(db))

Ultimate analysis (wt%, dry-ash-free basis (daf))

Ash

Volatile
matter
(VM)

Fixed
carbon
(FC)

C

H

N

S

O (by
difference)

50.7

42.1

7.2

44.7

7.8

8.59

1.51

37.4

Mi

Ms

Table 5 Basis of expressing fuel composition [46]
As-received basis
Air-dry basis
Dry basis
Dry and ash-free basis
A
A

C

H

O

FC

N

S

VM

M

Where:
A - Ash

H - Hydrogen

C - Carbon

O – Oxygen

N - Nitrogen

S - Sulfur

Mi – Inherent
Moisture

Ms – Surface
Moisture
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The values conversion from db to daf should follow the equation below, taking volatile matter
(VM) as an example:

VM daf 

VM db
[46]
1  ASH

In addition, the formula which converts the value from daf to db is presented below, taking
carbon content (C) for example:

C db 

C daf
1  ASH

[46]

Combining the information on two tables and equations above, the parameters included in the
proximate and ultimate analysis have already been converted into the other basis, as shown in
Table 6 below.

Table 6 Proximate and ultimate analysis of the biosolids
Proximate analysis (wt%, daf)

Ultimate analysis (wt%, db)

Volatile matter
(VM)

Fixed carbon
(FC)

C

H

N

S

O (by
difference)

85.4

14.6

29.7

5.2

5.7

1.0

24.8

Higher heating values (HHV) is defined as the amount of heat released by the unit mass or
volume of fuel (initially at 25 °C) once it is combusted and the products have returned to a
temperature of 25 °C. It includes the latent heat of vaporization of water. HHV is also called gross
calorific value or gross heating value, which is a significant factor for fuel [46]. There are two ways
to estimate HHV, including:
•

Based on the proximate analysis, HHV can be estimated by inputting the contents of VM
and FC into the equation below:

HHV  3.0368  0.2218VM  0.2601FC [46]
Where VM and FC are expressed on dry basis.
•

Based on the ultimate analysis, HHV can be estimated by inputting the values which have
been already converted into dry basis with the following formula:

HHV  1.3675  0.3137C  0.7009H  0.0318O [46]
The results which were calculated by these two ways have been shown in Table 7 below. The
reason why there is a big difference between these two results may be due to ignoring N and S in
the equation.
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Table 7 HHV calculated based on proximate and ultimate analysis

HHV (MJ/kg)

Based on proximate analysis

Based on ultimate analysis

19.7

12.4

3.1.2 The Process of Biosolids’ Pretreatment
Biosolids, whose MC is 50%, were obtained from local wastewater treatment plan in Perth,
Western Australia, Australia. Biosolids were treated sewage sludges, which were the solids
collected from the wastewater treatment process but not undergone further treatment. In order
to get the solids and reduce risks which may cause pathogens and volatile organic troubles, the
sludge underwent different sorts of biosolids processing steps in the WWTP, including
preliminary, thickening, stabilization, conditioning, and dewatering. After this series of
complicated treatment, the biosolids stored in sealed pails in a cold room, which successfully
preserved the biosolids between the time of collection and experimentation. Before doing the
experiments, the stored biosolids were manually crushed to particles and mechanically mixed
with biomass waste in order to lower moisture content (MC) of the mixture.

3.2 Experimental Apparatus and Setup

The experimental apparatus of the project should be set up similarly to Figure 3, which refers to
Switzer et al. Smouldering combustion tests were carried out in a quartz glass whose height is
70cm and inside diameter is 15.6 cm. A mass balance (OHAUS RANGER 3000) was put below the
glass to measure real-time mass changes. As shown in Figure 4, the ingredients were put layer by
layer in the glass from bottom to top. First of all, clean sand was employed in the base case
followed by the air diffuser, which was used to slow the velocity of air while increasing its static
pressure. Clean sand was used to bury the air diffuser and the igniter is emplaced above the air
diffuser. The igniter was connected to a 120V AC, single-phase variable power supply and the
whole column was enfolded in insulation because it is typical in smouldering experiments for the
sake of reducing external heat loss. The reason why the igniter was emplaced at the bottom was
that buoyancy favors forward propagation. The mixture of biosolids and other biomass were then
put on the clean sand, whose particle size is between 0.8 and 1mm. With the use of clean sand
with suitable particle size, the energy could be efficiently transferred from the smouldering front
to the portion ahead as the hot gases pathway towards the end of the reactor is short Next,
fifteen thermocouples were inserted horizontally in the centre of the glass and spaced at 2cm or
4cm intervals above the cable heater, called from TC1 to TC15. The main function of the
thermocouples is measuring temperature by sensing the flow of electrons between two
dissimilar conductors in a closed circuit. Finally, clean sand was emplaced on the mixture. In
17

addition, the thermocouples were connected to a data logger (KEYSIGHT 34972A) to provide realtime temperature changes. Moreover, the data logger was connected to a data acquisition
system. The whole experiment was operated under a fume hood to absorb some harmful and
stinking gas emission.

Figure 3 Schematic of the experimental apparatus and setup

Figure 4 The pack of experimental equipment
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3.2.1 Diffuser Design
Air diffuser is a device which is used to lower the velocity while increasing the static pressure of a
fluid passing through a system. When experiments carried on, it was found that the air bubble
distribution was not even, which means that the heat propagated unevenly caused by the bad
diffuser. Smouldering combustion would not meet the self-sustaining condition if this kind of
phenomenon appeared. Therefore, a new diffuser was designed referring to the design of Switzer
et al. The new diffuser was made of perforated eight 0.25 inches OD tubes radiating from a
central support connected to an air compressor via an air inlet tube, as shown in Figure 5. The
design was done with the respect to the following calculation. Firstly, the perimeter of the central
tube is 2 inches (5.08 cm) if there is no extra space among 8 perforated tubes around the central
tube. Practically speaking, there should be a little space between every two perforated tubes so
that it is convenient for technicians to connect tubes. Therefore, the perimeter of the central
tube should be more than 2 inches. Then, the diameter of the central tube can be calculated as
0.75 inches (1.91 cm) according to the formula below:

C  D 
Where:
C: the perimeter of the circle.
D: the diameter of the circle.
The inside diameter of the reactor is measured as 15.6cm with Vernier calipers. However, it is
considered that a little distance should be left between tubes and the edge of the reactor.
Consequently, the ID is assumed as 15.3 cm (6.02 inches) and the length of each perforated tube
could be determined as 2.64 inches. In addition, there is a tube connecting the bottom of the
central tube and the air switch, which is used for providing sufficient air. With the use of the new
diffuser, the heat propagated very uniformly and evenly from bottom to top. The entity is shown
in Figure 6.
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Figure 5 The design drawing of air diffuser

Figure 6 The actual air diffuser
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3.2.2 The Mass Balance OHAUS RANGER 3000
The multipurpose Ranger 3000 has all of the capabilities to produce precise results rapidly for a
variety of applications. With seven application modes, Ranger 3000 is the ideal scale to meet
many industrial weighing needs.
The typical features include [48]:
• Largest Display in its Class Makes Ranger 3000 Ideal for Use in All Environments —
Ranger 3000 has the largest display in its class and is equipped with check weighing LED’s
and backlit LCD displays which makes it functional in almost any working condition.
• The Most User Friendly Scale on the Market—Easy setup leads into even easier use,
ensuring that the valuable time of the owners is not wasted and the owners are working
as proficiently as possible.
• Rapid Stabilization Provides Unmatched Throughput—View the results in just one
second, and then see the efficiency, throughput and productivity soar.
3.2.3 The Data Logger Keysight 34972A
The advantages of the data logger include [47]:
•

3-slot LXI data acquisition unit with 6.5 digit DMM and 8 plug-in modules to choose
from.

•

Measures 11 different input signals including temperature with thermocouples, RTDs
and thermistors; DC/AC volts or current; 2- or 4-wire resistance; frequency and period.

•
•

1Gbit built-in LAN and USB 2.0 interfaces for easy connectivity to the PC or laptop.
USB memory port for data storage or transfer.

3.2.4 The Application Software BenchVue Data Acquisition (DAQ)
The application installed in the computer is Keysight Benchvue Data Acquisition, which enables
control of data acquisition units to data log and visualizes measurements in a wide array of
display options. There are two main features of BenchVue DAQ, including [48]:
•

6 different display types, covering data grid, strip charts, high visibility readout display,
bar meter, histogram, alarm light panel, and background image set.

•

There are three popular tools to export data quickly, such as Microsoft Excel, Microsoft
Word, and MATLAB for documentation or further analysis.

3.2.5 Windmill Application to Measure the Mass Changes
Windmill is a suite of data acquisition and control software, which runs on a PC and takes
readings from a lot of various types of measuring device. Each Wind mill program concentrates
on one task (data logging or charting). Data can also be transferred to other Windows programs
like Excel, either in real-time or after collection has finished. The Wind mill programs are readyto-run: no programming is required. The standard Wind mill package consists of ConfIML,
SetupIML, The Dis play and Control panels (AnalogOut, DigitalOut and DDE Panel), Logger and
Chart.
21

3.3 Experimental Methodology

Each experiment started with a preheating phase where the heater was turned on without
airflow. Once the igniter (TC1) was preheated to a specific temperature, air injection was initiated
and maintained until the end of the experiment. This introduction of oxygen initiated
smouldering which contributed to a spike in temperature at the first thermocouple, at which time
the heater was turned off. Meanwhile, the temperature at TC1 started to decrease with time
change, commonly a short period (approximately 10 min) after initiating the air flow. Following
combustion was sustained by the energy released by the biosolids during upwards forward
smouldering. Excluding heater inefficiency, the resistive heater provided a constant heat flux of
approximately 408W (3.4 A × 120 V). The length of the preheating phase varied between 1 and 4
hours depending on the biosolids MC and the blending ratio of biosolids and biomass waste. The
air remained on until the reaction extinguished and the whole column was cooled to ambient
temperatures, which means that the experiments were completed. The rate of smouldering
propagation was achieved from the temperature recordings of the thermocouples embedded in
the sand. The smouldering velocity could be calculated with the use of the time lapse of the front
arrival at two successive thermocouples and the known distance between thermocouples.
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CHAPTER 4 RESULTS AND DISCUSSIONS
4.1 Procedure of Temperature Profiles

In total, ten experiments were done during two months. Figure 7 below represents the
temperature profile with time changes and is chosen as a representative to introduce among all
the experiments. Figure 7 shows smouldering experiment with 50% MC biosolids mixed at 5.4 g/g
S/B (wet basis), which records temperature histories achieved from a self-sustaining (SS)
smouldering combustion treatment. Until 7 min, the data illustrates the water boiling out of the
2cm region closest to the heater (TC1). Original heating of the bottom layer of the waste-sand
mixture was obtained with the help of the heating element. The drying region, including both
evaporation and boiling, increased until 25 min when the bottom 2 cm region dried and the
temperature rose above 100°C. From now on, this temperature was referred as ignition
temperature. It was significant that the reader must not misconceive this temperature with the
ignition point of the waste. The preheating period lasted for about 33 minutes and was
characterized by a gradual increase in temperature up to the required ignition temperature, and
a plateau at 100°C which corresponds to water evaporation. In this case, the dominant heat
transfer mechanism was conduction because of the electric heater used. Convection and
radiation mechanisms were shown at a number of degrees as well. In this preheating period, the
duration of this plateau increased as the distance from the heater increased. The reason was that
more energy was needed to evaporate the additional water condensed in the cooler portion
ahead. Therefore, this plateau was more evident in the temperature profile of TC1 in Figure 7. In
this case, the water boiled during preheating did not leave the column but condensed in the
upper, cooler regions of the column. This was inferred from the cooler temperatures in the upper
regions of the column during the preheating period. The forced airflow ignited the biosolids
nearest to the heater, as seen in TC1’s sharp increase to 780 °C at 42 min, at which time the
heater was turned off.
When the air injection was initiated, the location closest to the heater experienced a sharp
increase in temperature up to a peak (close to 780°C) since rapid exothermic oxidation of the
dried and pyrolyzed fuel happened. At this moment, convection became the dominant
mechanism because the hot gases moved upwards. The adjacent TCs experienced a temperature
increase because of the convective heat transferred from the reaction zone to the virgin fuel
ahead. In the combustion zone, with approaching the reaction front, only a minor plateau was
seen at 100°C representing that the heat flux from the combustion zone was enough to rapidly
dry the mixture. In Figure 7, this was more evident for TC11, at 34 cm from the heater. The fuel
was predried ahead the arrival of the smoldering front. As the fuel was consumed and the
reaction at that location ceased, the temperature fell since it is cooled by incoming air. The
succession of temperature peaks was observed throughout the mixture was indicative of a selfsustaining smoldering reaction. Because of the high moisture content of the fuel, the example
showed in Figure 7 was among the most complex smoldering treatments. In the case of dry waste
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treatment, the plateaus above-mentioned were not observed as evaporation and condensation
of water did not happen.
The smouldering behavior in Figure 7 is identified as SS because the average peak temperatures
(APT) between TC6 and TC11 is consistent, here 544°C. In other words, the smouldering
propagates through the full length of the column and almost no heat loss during the propagation.
It requires to be mentioned that APT is an adiabatic flame temperature. The mass loss rate
should be consistent as the smouldering experiment is self-sustaining. In this experiment, mass
loss rate seems the same as the average front velocity (AFV), and the velocity can be calculated
via the equation below:

AFV 

D
t

The distance (D) between TC6 and TC11 is 20cm and time (t) when heat propagated the distance
is 37min. Therefore, AFV can be achieved as 0.54cm/min. In this way, the ignition of the organic
material was ensured. This procedure and configuration yielded a robust and repeatable ignition
across a wide range of conditions. Ignition procedures could be different relying on the fuel.

Figure 7 Temperature profiles of typical self-sustaining smouldering combustion
experiments with 50% moisture content in a fixed bed at a 5.4 g/g sand/biosolids mass
ratio
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4.2 Economic Considerations

According to the literature review, this economic consideration has been completed to estimate
the expoected payback period and cost savings for considering STARx as a biosolids treatment
retrofit in a large WWTP in Australia. The amount of the WWTPs’ biosolids’ production is
assumed as 45 dry tonnes per day as since it is reported that a high capacity WWTP in London is
assumed to produce 45 dry tonnes per day of biosolids in 2013 [42]. Cost savings and payback
period concerning replacing either landfill or incineration were considered since these are the
most popular methods to treat biosolids.

4.2.1 The Costs of Waste Disposal to Landfill
The costs of Waste Disposal to Landfill include private costs and external costs. Table 8 below
represents all the content included in private and external costs.

Table 8 Private and external costs of waste disposal to landfill [49]
Private Costs of Waste Disposal to Landfill

External Costs of Waste Disposal to Landfill

•

Costs of land purchase

•

Cost of approvals process

•

Capital cost of equipment and
buildings

•

Cost of lining landfill bases to prevent
leaching

•

Cost of greenhouse emissions

•

Cost of on-site gas recovery and flaring

•

Cost of other emissions to air

•

Cost of fencing and other measures to
prevent waste from being blown into
adjoining properties

•

Cost of emissions to water (leachate)

•

Cost of disamenity

•

Operational costs including labour,
fuel, and materials

•

Cost of capping landfills and
landscaping

•

Cost of rehabilitation and aftercare

The significance of other potential impacts (e.g. post-closure environmental effects, and the
opportunity costs of sterilization and alienation of land) has been discussed. Moreover, increased
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future costs as sites for landfill become scarcer and more remote. While notable exceptions can
be cited, these costs are increasingly being accounted for as part of the private costs of
landfilling. It requires to be mentioned that the toxic pollutants are not considered as a part of
the assessment of the total costs. Toxic pollutants are tightly regulated so that allowable
emissions are not commonly in a location, manner or concentration to result in health or
environmental problems.
4.2.1.1 The Costs of Urban and Rural landfill
It is reported by BDA group that the total costs for urban and rural landfills are pretty similar.
There is ranging between $42 and $102 per ton of waste in urban areas and between $41 and
$101 per ton in rural areas, which is determined by the level of management controls and
prevailing climate. External costs are significant for landfills with the poorest controls and in wet
climates, making up 25%-45% of total costs for landfills in urban areas and 20%-40% of total costs
for landfills in rural areas. In contrast, the contribution of external costs to total costs is much
lower for landfills with best practice controls at less than 4% in urban areas and less than 1% in
rural areas [49].
4.2.1.2 Large and Small Landfill
Due to the size of the landfill, there are significant differences in the estimates of the private cost
per ton of waste to landfill. Table 9 shows a comparison between two Australian estimates for
larger landfills. The Waste Management Association of Australia (WMAA) estimated costs for a
large best practice landfill and Wright Corporate Strategy’s (WCS’s) recent estimates of the costs
of a landfill taking 200,000 tons per year for ACT NOWaste. It is obvious that the estimates for
ACT NOWaste are double those from the WMAA. The reason why there is such a huge difference
that the WMAA estimates are an average for large best practice landfills and they do not include
management costs. In contrast, the WCS estimates were developed in the ACT context and
included management costs [49].

Table 9 Estimated costs for large best practice landfill in Australia in 2005 [49]
Type of cost
Land purchase including
airspace
Approvals/site development
Cell development
Operations
Capping and rehabilitation
Aftercare
Total

Cost per ton of waste
(WMAA)

Cost per ton of waste (WCS)

$2

$2

$2
$6.5
$10
$2.5
$2
$25

$6
$10
$18
$5
$8
$50
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Table 10 represents the costs of disposal, at smaller landfill sites, which was estimated in
several recent Australian studies.
Table 10 Current private costs for small Australian landfills [50,51,52]
The costs of disposal
Lowest cost
Highest cost
$25
$45
$40
$150
$40

Landfill site
City of Mount Gambier
Great Lakes Council
Hastings Council

Comparing two tables above, it is recommended that much higher costs were required for small
landfills than large landfills. The difference may be partly explained by the level of management
practices included in the Australian estimates.
4.2.1.3 Estimated Costs for Australian Landfills
As the external costs for Australian landfills are much lower than the private costs, the external
costs were neglected while estimating the costs for landfill. In this part, the total costs of
landfilling were assumed to equal the private costs, which were estimated based on the available
Australian data [49]. Table 11 shows the costs estimation for small, medium and large landfills.

Table 11 Estimates of the private costs of landfilling ($ per ton) [49]
Type of cost

Small

Medium

Large

Land

$5

$3

$2

Approvals/site
development

$10

$6

$4

Best practice liner

$13

$8

$5

Leachate collection

$6

$4

$3

Gas recovery

$6

$4

$3

Amenity management

$1

$1

$1

Operations

$34

$20

$14

Capping &
remediation

$10

$6

$4

Post-closure
maintenance

$15

$9

$6

Total

$100

$60

$40
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There is not enough information available to differentiate costs between urban and rural areas.
The costs for landfill would be cheaper in rural areas while the costs are a small component of
the overall costs of landfill disposal, and could not have an important influence on the cost
structure. The scale economies are not likely to be strongly influenced by urban versus rural
areas.
From Table 8, it is obvious that $40 is the per unit cost in terms of large landfills. Referring to ACT
NOWaste, the capacity of landfill per annum is estimated as 200,000 tons. Therefore, the total
costs for Australian landfills are estimated as $8,000,000.

4.2.2 The Costs of Waste Disposal to Incineration
Because Australia is facing the challenge of municipal solid waste management, it is unavoidable
that a decision has to be made on source separation and separate collection in the future. There
are two kinds of scenarios for incineration [53].
Scenario I: The city is going to implement source separation, since it is the common practice in
most of the countries so that recyclable materials are separated at the household level and
collected separately by specialized collection vehicles, and that informal collection and
scavenging is prevented. The rest waste is sent to the landfill as the final disposal without
treatment [53].
Scenario II: The city is going to implement source separation, but excluding separation of metals,
which means materials such as batteries and waste electrical electronic equipment is not
collected separately. Non-metals are separated at the household level and collected by
specialized collection vehicles, and informal collection and scavenging are prevented. Instead of
being directly buried in the sanitary landfill, the rest waste is incinerated in a waste incinerator, of
which only the residual bottom ash will be buried in the sanitary landfill. The incinerator is
equipped with state of the art technologies: moving grate, flue gas treatment, energy recovery,
and material recovery technologies. Al, Cu, and Fe are recovered from the bottom ash, using the
technology [53].
4.2.2.1 Fixed Costs for Incineration
Fixed costs are concerned about the capital investment in the first year of the proposed
incinerator, including three types of costs: land acquisition cost, equipment and technology
acquisition cost, and construction and installation cost, respectively. Land acquisition costs are
calculated based on the size of the required land area and the current price of the category of
required land. First of all, the size of the required land is estimated to be 52,800m² while the
recent price of the type of required land equals to $34.51/m² [54]. The equipment and
technology acquisition costs estimation are based on the costs of the state of the art
technologies applied in a Viennese waste incinerator adjusted with the cost of the most
advanced incinerators. The construction and installation costs are achieved from a feasibility
study of an advanced waste incinerator as the capacity of the incinerator is similar to the
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proposed incinerator. Table 12 shows the fixed costs and Figure 14 represents their
corresponding percentages of total fixed costs. The costs of incinerator equipment and the
construction are by far the majority of the total fixed costs [53].

Table 12 Fixed costs for incineration in 2011 [53]
Category

Fixed Cost (AUD $)

Incinerator land acquisition

1846334.55

Incinerator equipment and technology
acquisition

107627794.50

Incinerator construction and installation costs

45182658.50

Total

154656787.6

Figure 8 Percentages of different categories of fixed costs out of total fixed costs [53]
4.2.2.2 Variable Costs for Incineration
4.2.2.2.1 Increased Collection Costs from Source to Landfill
As metals are not detached from the rest waste in Scenario II and the incinerator is also supposed
to be within 1km distance to the recent landfill, the quantity of waste to be collected from the
source and transported to the incinerator is higher than the quantity of metals which would have
been detached in Scenario I. In addition, based on the assumption that the distance between the
incinerator and the landfill is 1km, the costs, which are used for collecting and transporting the
residual bottom ash from the incinerator to the landfill, takes up a major part of the total variable
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costs. Therefore, the increased collection cost from source to landfill every year is calculated
according to the formula below [53]:

Cc  (QwfII  QwfI )  Pc1  Qw1  D1  Pc 2
Where,
Cc is the total increased collection cost from source to landfill.
QwfII is the quantity of waste flow from source to the incineration plant in Scenario II.
QwfI is the quantity of waste flow from source to the landfill in Scenario I.
Pc1 is the unit cost of collection per ton of waste from source to the incineration plant.
Qwl is the quantity of residual bottom ash that is sent to the landfill.
D1 is the distance between the incinerator and the landfill.
Pc2 is the unit cost of collection per ton per km of bottom ash from the incinerator to the landfill.
The unit cost per ton of waste from source to the incineration plant is achieved from a study
done for the city of Shenzhen in China on municipal solid waste collection cost while the unit cost
per ton of waste per km is achieved from a study done for the city of Tianjin [55]. Moreover, the
price of collection cost increases every year by 6.17% per annum, calculated on the basis of the
following formula [56]:

Rcr  rdn  pd / c  rwn  pw / c
Where,
Rcr is the rate of collection cost increase per year.
rdn is the rate of diesel price increase per year.
pd/c is the percentage of diesel cost as a component of collection cost.
rwn is the rate of wage increase per year.
pw/c is the percentage of wage cost as a component of collection cost.
rdn is calculated on the basis of the diesel price in China between 2000 and 2012, while rwn is
calculated based on the average wage level in China between 2004 and 2011 [57]. The
percentages of diesel cost and wage cost as two major components of collection cost, 52.7% and
15.5% respectively, is obtained from a study by Wang [58].
Table 13 below lists the increased collection cost from source to landfill. As the quality of lives is
improving, the quantities of produced biosolids is increasing. As shown in Table 13, the physical
quantity between source and incinerator gets increased, so the total collection cost increase
steadily year by year.
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Table 13 Increased collection cost from source to landfill [53]

Year

Physical
quantity
(t) b/w
source and
incinerator

Price
per unit
(AUD
$/t)

Cost (AUD
$)

2012
2013
2014
2015
2016
2017

3,537
3,792
4,065
4,357
4,670
5,006

16.66
17.67
18.77
19.92
21.15
22.46

58,907.46
67,037.13
76,289.62
86,819.36
98,801.73
112,439.12

Physical
quantity
(t) b/w
incinerator
and
landfill
11,023
11,815
12,665
13,576
14,553
15,600

Price per
unit
(AUD
$/t.km)

Cost
(AUD $)

Total
collection
cost (AUD
$)

0.22
0.24
0.25
0.27
0.30
0.31

2,539.49
2,890.28
3,289.04
3,743.27
4,258.97
4,846.62

61,445.45
69,927.41
79,578.67
90,562.63
103,060.70
117,285.74

4.2.2.2.2 Incinerator Maintenance Costs
The maintenance cost of an incinerator is the cost of maintaining and repairing the equipment at
the incineration plant. On the basis of a study on waste incineration enterprise information
system, the annual cost of maintenance is about 3% of capital investment in the equipment [59].
Therefore 3% is employed to the incinerator technology and equipment acquisition cost (AUD
$107.63Mil from Table 8) to calculate the annual maintenance cost: AUD $3,228,833.84 per
annum.
4.2.2.2.3 Incinerator Operational Costs
The annually operational cost of the incineration plant includes utility costs (water, electricity,
gas), human resource costs, cost of chemical materials required for air pollution control, cost of
auxiliary fuel when required, cost of materials for amenity and office maintenance, and other
administrative costs. It is reported that there is a 7.2% increase year by year. An average cost
equivalent to AUD $20.84/ton of waste is calculated as an average value on the basis of the data
available in a recent feasibility study of a waste incinerator investment and the study on waste
incineration enterprise information system [59]. The operational cost per annum is calculated as:

CO  Qwi  PO
Where,
Co is the operational cost.
Qwi is the waste input into the incinerator.
Po is the unit cost of operation.
Table 14 below lists the operational cost for recent years. Similarly to Table 13, the operational
cost is increasing with the increase of physical quantity.
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Table 14 Incineration operational cost [53]
Year

Physical quantity (t)

Price per unit (AUD $)

2012
2013
2014
2015
2016
2017

80,823
86,637
92,868
99,548
106,709
114,384

20.84
20.84
20.84
20.84
20.84
20.84

Operational Cost
(AUD $)
1,682,629.16
1,803,657.1
1,933,389.98
2,072,455.99
2,221,522.32
2,381,311.65

4.2.2.3 Total Costs for Incineration
Table 15 below provides an overview of cost parameters for recent years. As the provided data
shown, there is only fixed costs in 2011 while no fixed costs are required since 2012 but variable
costs are required. As the costs for STARx is estimated in 2013, the value for incineration should
be $5,102,418.35.
Table 15 Summary of Costs for Incineration [53]
Fixed Costs

Yea
r

201
1
201
2
201
3
201
4
201
5
201
6
201
7

Variable Costs

Incinerator
equipment
and
technology
acquisition
(AUD $)

Incinerator
constructio
n and
installation
cost (AUD
$)

Increase
d
collectio
n cost
from
source
to
landfill
(AUD $)

1,846,334
.55

107,627,79
4.5

45,182,658
.5

0

0

0

154,656,78
7.6

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

61,445.4
5
69,927.4
1
79,578.6
7
90,562.6
3
103,060.
7
117,285.
74

1,682,629
.16
1,803,657
.1
1,933,389
.98
2,072,455
.99
2,221,522
.32
2,381,311
.65

3,228,833
.84
3,228,833
.84
3,228,833
.84
3,228,833
.84
3,228,833
.84
3,228,833
.84

4,972,908.
45
5,102,418.
35
5,241,802.
49
5,391,852.
46
5,533,416.
86
5,727,431.
23

Incinerato
r land
acquisitio
n (AUD $)
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Incinerato
r
operation
al cost
(AUD $)

Incinerato
r
maintena
nce cost
(AUD $)

Total cost
(AUD $)

4.2.3 The Summary of Economic Considerations
Based on both Table 2 and Table 3 in literature review, Table 16 represents the processing cost
range of pathways for landfill, incineration, and STARx.

Table 16 The processing cost range of pathways for considered disposal options
The processing cost range (AUD $/tonne)
Landfill

Incineration

High

1014.58

416.27

Low

142.58

124.75

STARx

124.75

As mentioned in literature review, the initial investment expected to employ STARx in a WWTP to
handle biosolids loading is $9.6 million. Combine this and costs for disposal options shown in
Table 17 below, the cost savings and payback period for replacing incineration or landfill with
STARx can be estimated.
Table 17 The costs for disposal options

Costs for disposal
options (AUD $/year)

Landfill

Incineration

STARx

8,000,000

5,102,418.35

1,757,475

Table 18 below represents that there is an important potential for cost savings and expected
payback period from substituting either incineration or landfill with STARx. The payback period
(PP) can be calculated with the cost savings (CS) and expected initial investment (II) of STARx
(AUD$9,800,257.50), following the formula below:

PP 

II
CS

The results in the table recommend that it is economical to substitute existing disposal methods
with STARx in all four cases. In terms of replacing landfill, the estimated cost savings utilizing selfsustained smouldering are between $6,535,382.75 and $20,857,982.75 per year. Furthermore,
the analysis recommends that for large WWTPs experiencing high costs for both landfill and
biosolids processing, the expected payback period for using STARx are 1.46 and 0.46 years,
respectively. This is important since it recommends STARX may be a profitable retrofit with a
pretty short period for a wide spectrum of WWTPs which recently employ landfill. These high
savings are mainly because of removing sludge stabilization, which is commonly very expensive.
Substituting incineration with STARx shows opportunity for savings in both cases: $3,344,943.35
and $8,133,159.35 per year of savings with a discounted payback period of 2.85 and 1.17 years
for a big WWTP recently experiencing incineration and biosolids processing costs. This
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recommends STARx is a profitable retrofit for a much narrower spectrum of WWTPs which
recently use incineration.

Table 18 Summary of cost savings and payback period for replacing landfill and incineration
with STARx in a high capacity WWTP

Processing
Cost Range

High
Low

STARx vs Incineration
Cost Savings
Payback
(AUD $/year) Period (Year)
8,133,159.35
1.17
3,344,943.35
2.85

STARx vs Landfill
Cost Savings
Payback
(AUD $/year)
period (Year)
20,857,982.75
0.46
6,535,382.75
1.46

The economic considerations recommend that smouldering destruction shows significant
potential as a new, low energy, and on-site alternative method for treating biosolids which may
provide significant WWTP operating cost savings due to minimized biosolids processing and
disposal costs. This is a cheap and beneficial environmental disposal method of smouldering
except for destroying liquid waste or sludge treatment for hygiene. However, further study is
needed before it can be fully exploited. For instance, an exploration into the characteristics of the
resulting ash, emissions analysis, and examining how smouldering is influenced by the scale of
the reactor would be beneficial. Additional research into energy recovery (e.g. from the
emissions or the hot sand) may provide additional value. The majority of these issues would be
best addressed in the utilization of a pilot scale smouldering reactor operated on site at a WWTP.

4.2.4 Important Factors Which Were Not Considered in Economic Considerations
The economic considerations concluded in literature review listed the ignored factors. In terms of
this economic considerations, it is an initial estimation and there are also several important
factors which could not be considered in economic considerations, including:
1. For this project, the biosolids mixed with clean sand were used to do smouldering
combustion. However, the costs of clean sand were not considered in the costs of STARx.
2. The costs of all three disposal methods are estimated in large plants, not considering
small or medium plants. Therefore, the calculated costs savings and payback period are
suitable for these kinds of plants.
3. A lot of WWTPs which use landfill or incineration are susceptible to high operating cost
variability because of the fluctuations of oil and gas. Plenty of incinerators are energy
intensive and need fuel for start-up operation while landfills cost change because of
transportation costs. Since STARx utilizes a self-sustaining reaction which needs minimal
energy input, whose costs are much less affected by the price fluctuations of fuel.
4. Management cost is a significant factor for landfill but it is difficult to be determined
exactly. In addition, the ash management resulting from STARx has not been considered,
this material requires to be characterized and evaluated if there are some opportunities
for offsetting costs.
5. There is a conservative minimum acceptable rate of return from STARx requiring to be
considered as the rate is employed to calculate all discounted payback periods.
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6. At present, the costs of the STARx are pretty expensive since the technology is a new and
not yet in full scale operation for any waste treatment. The data estimated now is a little
conservative. With the technology becomes mature, it is believed that the costs will be
much cheaper in the future.
7. In terms of this part, some employed data is obtained from other countries, as these
data concerning Australia cannot be determined. Therefore, there may be some errors
during economic considerations.
8. The gas emission from smoudering combustion has not been characterized and there
may be some harmful gas in the gas emission. Therefore, additional costs for treating the
harmful gas requires to be considered in the analysis.
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
This thesis investigated that there is a high potential in employing self-sustaining smouldering as
a new option for mass destruction of biosolids from a wastewater treatment plant (WWTP).
Depending on consistent peak temperature of the smouldering experiment above, it was proven
that smouldering combustion can be self-sustaining. In addition, the propagation velocity was
gained. Following these experimental results, optimal biosolids conditions were assumed for a
hypothetical full-scale utilization of a smouldering combustion system in a WWTP by Selfsustaining Treatment for Active Remediation applied ex-situ (STARx). The operating and capital
costs for this disposal method of STARx ere estimated and compared against a variety of present
WWTP costs in a detailed economic consideration. The cost savings and potential payback period
for replacing an existing WWTP biosolids disposal method (e.g., landfill and incineration) with a
STARx system were estimated in the economic analysis. Because the smoldering velocity does not
change with the scale, the operating conditions and size of the reactor for a full-scale application
can be easily extrapolated from those laboratory tests. The full-scale of this technology depends
on the waste production rate and also on the type of waste. While accumulation of waste may be
possible in some cases to generate adequate volumes, this is not always feasible. Due to the
limited time and the long time consumed in setting up the experimental system, there is no
chance to do the experiments mixed with biomass waste. It is recommended that the
smouldering experiments mixed with biomass waste should be done in the future and investigate
if this is a good way to decline the costs for biosolids treatment.
Results suggest that:
•

In accordance to observe the average peak temperature (APT) and average front
velocity (AFV), it can be determined whether smouldering combustion is self-sustaining
or non-self-sustaining.

•

There is a high potential for cost savings in place of either land application or
incineration with STARx in a large capacity WWTP. A sensitivity on the cost ranges
recommended that STARx was a lucrative replacement for landfill and incineration. The
greatest savings potential was found when replacing landfill which needed high
biosolids processing costs, which led to a payback on the order of approximately half
year. If the factor of mixing biomass waste is considered, the cost savings and payback
period may be larger and shorter.

In conclusion, there is a strong potential for SS smouldering as a new, low energy and on-site
alternative method for biosolids treatment, which may provide important WWTP operating cost
savings because of minimized biosolids processing and cheaper disposal costs. In a wider context,
it is recommended that the exciting usefulness smouldering may be employed as a novel waste
management technique for a lot of other low calorific and high moisture content organic wastes.
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5.2 Recommendations
Because this thesis is just an original investigation in introducing SS smouldering as a new
biosolids disposal technique in a WWTP, there are a lot of interesting ways left for further
research, including:
•

The smouldering experiments of biosolids should be done with other types of cheap
fuels (e.g. biomass waste) to decrease the moisture content of the mixed fuel in order to
do a self-sustaining smouldering experiment. It is a good way to increase the economic
feasibility.

•

The costs of clean sand require to be investigated as it is an important factor for
estimating the cost savings and payback period in this study. The mass of the used sand
is approximately 5 times more than the mass of biosolids, so the costs of clean sand can
not to be neglected.

•

In terms of implementation, it is valuable to characterize the emissions. The subsequent
emissions require to be characterized to implement proper management since
smouldering reactions include some incomplete combustion.

•

In order to characterize the ash after smouldering combustion of biosolids, a few
additional value may be disclosed. For instance, the ash may have some properties, like a
fertilizer, because of the phosphorous bioavailability and possible nitrogen presence.
Otherwise, the disposal and increasing operating costs will be required for the ash
management.

•

Additional research regarding energy recovery (i.e., either from the hot combustion
gases or hot sand) is required as it is pretty beneficial. For instance, this may show a heat
source for biosolids’ drying and decline the operating costs.

•

The influence of scale requires to be explored. The quenching limits are significantly
affected by the scale, such as heat losses out of the column boundaries. The robustness
of the reaction and the quenching limits increase as the scale increases.
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