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1 EXECUTIVE SUMMARY

Australian slaughterhouses have the potential to generate large volumes of solid waste, originating in
a number of processing areas with key sources including paunch, manure, screenings (not rendered),
DAF sludge, aerobic wastewater sludge, contaminated cardboard and condemned/dead animals.
Cattle paunch in particular is a major waste produced at cattle slaughterhouses and is comprised of
partially digested cattle feed, mainly containing grass and grain. The volume and composition of
paunch waste varies according to individual animals and site handling practices but is reported at
approximately 60 kg of wet paunch waste per animal (5-7 kg solids), corresponding to approximately
10% of the total weight of the live animal. Common existing methods such as composting, direct land
application and/or anaerobic digestion are either expensive, facing increasing environmental
regulation or not applied to maximize the potential value in RMP waste, therefore effective and low
cost management of RMP solid waste remains an industry wide challenge.

Smouldering combustion has emerged as an alternative treatment option for organic solid wastes with
high moisture contents (80-85% wt), with some success in similar applications from other industries.
The key advantage of the smouldering technology is that stable process performance can be achieved
at very high moisture content without the need for external fuel and/or energy input. This key feature
allows for treatment of problematic (high moisture, low caloric value) waste streams where alternate
treatment methods (e.g. anaerobic digestion) are less attractive. As a stand-alone technology,
smouldering is able to deliver value through complete dewatering combined with significant reduction
in waste solids mass and volume. As a guide, smouldering has the capacity to reduce 1 ton of
dewatered meat processing solid organic waste (moisture content 75-80% wt and organic solids at
90% of dry matter) to approximately 20-30 kg of ash, without the need for external fuel or heat input.

Importantly, smouldering can be applied to these wastes directly, or after application of energy
recovery technologies such as Anaerobic Digestion. The use of anaerobic digestion as a smouldering
pre-treatment will not impact the final solids for disposal, however AD may improve paunch
dewatering and facilitate energy recovery in the order of 8GJ/dry ton paunch.

Proof-of-concept testing has been conducted at laboratory scale, with the following outcomes:

e Self-sustaining smouldering of paunch can be achieved without the addition of a porous
sand medium, this may reduce the complexity of plant design and operation (i.e. no
required to mix paunch and sand before smouldering and no requirement to separate ash
and sand after smouldering.

e Results showed that the limits for moisture content and air flowrate are 75% and 1 cm/s,
respectively. This result demonstrates that smouldering could be applied to many RMP
using existing paunch dewatering technologies, no addition pre-drying is required. Small
scale laboratory experiments are less efficient than large scale reactors, therefore these
results are expected to be conservative and further improvements are expected.

e The maximum smouldering temperature increases when the moisture content is
decreased, reaching over 1000 °C at 65% moisture. However, the destruction rate
decreases. Higher temperatures may increase the risk of NOx in the flue gas.

e The maximum smouldering temperature increases in a near linear relationship when air
flowrate increases. However, the impact on the temperature can be neglected.
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Scale-up and batch field experiments conducted during the project were less successful. Reactor
designs require a degree of modification to ensure moisture is removed from the process efficiently
and does not lead to combustion quenching. However, most critically, odor was identified as a major
barrier that must be addressed in order to continue onsite development of smouldering technology at
Australian RMP. This was an initial proof-of-concept project and development and testing of odor
management technology was beyond the scope of the current work. Literature was used to develop a
conceptual flue-gas treatment system containing i) after burner, ii) wet scrubber, iii) bag filter and iv)
activated carbon, however this treatment train was not constructed for testing and odor management
remains a critical area for continued development.

Based on the results in this report, smouldering technology is not recommended for RMP until odor
management issues can be addressed in a robust and cost effective manner.
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2 PROJECT BACKGROUND

2.1 Summary of Waste Production

Australian slaughterhouses have the potential to generate large volumes of solid waste, originating in
a number of processing areas with key sources including paunch, manure, screenings (not rendered),
DAF sludge, aerobic wastewater sludge, contaminated cardboard and condemned/dead animals.
Cattle paunch in particular is a major waste produced at cattle slaughterhouses and is comprised of
partially digested cattle feed, mainly containing grass and grain. The volume and composition of
paunch waste varies according to individual animals and site handling practices but is reported at
approximately 60 kg of wet paunch waste per animal (5-7 kg solids), corresponding to approximately
10% of the total weight of the live animal.

Fatty tissues (FOGs) represent an estimated 4% of cattle (24kg per animal) and 3% of sheep (1.8kg per
animal) live weight. While many RMPs capture FOGs as byproduct (i.e. edible tallow), there remains a
significant portion of FOG in RMP wastewater. Previous MLA/AMPC projects report wastewater
production in the range of 5-10kL per tHSCW containing an average of 23kg of FOG (A.ENV.0131,
A.ENV.151, A.ENV.133/149). A portion of this FOG may be captured using screens, save-alls or
dissolved air flotation vessels. Depending on the quality of the screenings, the material may be recycled
to rendering or disposed as waste. For large

Waste activated sludge, generated from biological wastewater treatment processes is a solid waste
stream of emerging importance for the red meat processing industry. Over the past 10 years, increased
environmental regulations has resulted in increased uptake of nitrogen removal processes and
subsequently increased production of waste activated sludge at Australian red meat processing plants.
Waste activated sludge production is heavily dependent on the configuration of the nitrogen removal
technology, but is typically in the range of 1 — 2 kg dry weight per animal processed, combined with
conventional dewaterability metrics this corresponded to 10 — 30 kg of solid waste requiring disposal
from the site.

Based on the October 2012 survey (MLA/AMPC. 2013) the vast majority of solid wastes are re-used in
agriculture either via direct land application (21%) or through composting and land application (66%).
While in some cases there is no cost to the plants for paunch disposal the average cost of a cattle only
facility was $13.50/m? (highest cost was $30/m3). With the average dewatered paunch production of
0.03 m3/head, paunch disposal costs are estimated in the range of $0.41 to $0.90 per head. Costs were
higher for sheep only facilities at an average of $34.20/m?3 (highest cost was $90/m3); and the average
for a mixed species facility was $45.50/m? (highest cost was $170/m3).

The management of solid wastes from abattoirs and rendering plants is facing increasing
environmental legislation.
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Figure 1: Example of waste handling process at Australian red meat processing facilities and major sources of organic solid waste (hot
including dead animals or packing wastes).

AUSTRALIAN MEAT PROCESSOR CORPORATION @ ampc.com.au

J/



AMPC

2.2 Solids Collection and Screening

In October 2012, an AMPC survey (MLA/AMPC. 2013) of 31 cattle only, sheep only and cattle/sheep
slaughterhouses reported that paunch waste was screened at approximately 90% of respondents and
further dewatered at over 50% of respondents. Screw presses were the most common dewatering
units. The solids content of dewatered paunch cake was highly variable ranging from 15% up to 75%
with an average value of 38%. Variations in paunch properties, possibly related to animal type or diet;
variations in dewatering operations and errors in analytical methods are possible factors the results.

In plants using wet dump paunch handling processes, the solids content of paunch waste typically
varies in the range of 5,000 mg/L TSS to 30,000 mg/L TSS prior to solids capture. The reported
effectiveness of solids and nutrient capture during paunch dewatering processes varied between
studies (MLA/AMPC 2012, 2013, MLA/AMPC. 2013). Generally 60-80% of paunch solids will be
captured in the dewatered cake, however this may be increased to over 95% by adding chemical
agents.

Recovery of phosphorus and potassium during dewatering is generally poor with 75-90% of P and K
remaining in the wastewater filtrate. Recovery of nitrogen was more variable with 50-90% of N
remaining in the wastewater filtrate, however nitrogen capture can be significantly improved by
adding chemical agents during dewatering. Therefore, while paunch dewatering units as an effective
strategy for reducing solids they are not an effective strategy for reducing nutrient loads.

A brief summary of dewatering units and operational considerations are shown in Table 1.

Table 1: Summary of common equipment used for solids recovery from paunch

Static Screen Rotary Screw Press Degritting
Screen Hydrocyclone
Capital Cost Low ($15-20k) | Low ($15- Moderate ($50-80k) Moderate ($50-
20k) 80k)
Operating Cost Low Low Moderate Low
Life expectancy Long Long Component Moderate life
replacement(s) after 10
years. Screens are
subject to wear and may
require replacement
after 2-3 years
Application Area | Gross and All Solids Paunch and Manure Stockyard Grit
Paunch Solids Solids
Solids Cake Wet Wet Dry (up to 50% solids) Wet
Operating Susceptible to | Susceptible Susceptible to damage Susceptible to
Weakness hydraulic to hydraulic | from boluses or a lack of | blockage from
overloading overloading | fibrous solids; damage paunch balls
and weir from metallic objects in
blockage waste streams
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2.3 Current and Emerging Resource Recovery Technologies

This Section 5.3 describes common existing and developing methods that may be suitable for managing
RMP solid waste. Common existing methods such as composting, direct land application and/or
anaerobic digestion are either expensive, facing increasing environmental regulation or not applied to
maximize the potential value in RMP waste, therefore effective and low cost management of RMP solid
waste remains an industry wide challenge. Figure 2 is an example of current and emerging technologies
to recover value from organic wastes, grouped into technologies for energy, nutrients and/or value-
add products. The following section provides preliminary details on the technologies, including key
products, technology readiness level (TRL — detailed in Appendix) and suitability for Red Meat
Processing waste applications. More detailed information on the technologies will be presented in the
final report.

| OtherValue-add |

Combustion i
Co-Combustion i
Torrefaction/ i
Pelleting '
Hydro Thermal i
Liquefaction i
Gasification i
Pyrolysisl/Syngas
Bio-hydrogen

‘ Biodiesel ‘

Composting

Vermi-compost

Fermentation

Wet Oxidation

Fibre Extraction/
Biocomposites

Figure 2: Summary of resource recovery technologies, grouped into energy, nutrient and/or
alternative value-add applications (Orange — biological; Green — Thermal processing; Purple —
other physical processes).
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From a preliminary review of technologies, it is evident that treatment of solid waste is an area of
active technology development with a clear shift in focus from waste disposal to resource recovery
technologies. Although, there are many technologies under development, anaerobic digestion
followed by land application is the most commonly considered for value recovery across the broadest
range of industries in Australia and internationally, however this technology requires further
optimization to improve the economics. Thermal processes, such as co-combustion are more readily
applied internationally due to very strict regulations around landfilling and land application. Thermal
processes are rarely applied in Australia, but new technologies with lower costs are emerging.

2.3.1 Resource Recovery Technologies — Energy Recovery

Table 2 provides a summary of energy recovery technologies, including key products, technology
readiness level (TRL — detailed in Appendix) and suitability for red meat processing applications.

Table 2: Summary of Resource Recovery Technologies used for Energy Recovery

.. Suitability
Name Description Products TRL
RMP

Anaerobic Biological process that occurs in the absence of Biogas (E)
digestion oxygen and converts organic material into biogas

(methane-rich gas) and a stabilized digestate in
(Appels et al. 2008) | the absence of oxygen. Generally less than 50%

of solid waste will decompose and be converted Biosolids

to biogas (N)
For: Al RMP | 1achnically applicable to all RMP wastes,
organic wastes however the feasibility of this technology

depends on the biological degradability of the

material — determined using BMP testing.

Methane yields and digestate stability are subject 9 High

to sludge characteristics and process operating

conditions.

May be implemented as low cost lagoons,
however addition of RMP solid waste to lagoons
is not recommended as lagoons will accumulated
solids rapidly and require expensive dredging,
desluding and disposal operations.

May be implemented as invessel AD, which is
widely implemented at medium/large STPs.
Conversion of solids is still approximately 50%,
however the process is designed for constant
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Name

Description

Products

TRL

Suitability
RMP

removal and separate of the digestate. In vessel
digestion is generally more expensive than lagoon
technologies.

AD residues may be applied to land as an organic
fertiliser or further treated using thermal
processing technologies.

(Co-) Combustion

(Donatello and
Cheeseman 2013,
Fytili and
Zabaniotou 2008,
Husillos Rodriguez
et al. 2013)

For: All RMP
organic wastes

Thermal process where the organic content of
waste is oxidised into CO2 and H20 and heat
energy is released. Requires excess oxygen
concentration (related to COD). Can be applied to
raw dewatered sludge or residues after AD.

Moisture does not contribute chemical energy,
but vaporises and consumes the heat released
during combustion. Therefore, wastes generally
needs to be dried for efficient combustion.

Important consideration include: Adequacy of the
combustion chamber to manage the volatility of
the dried sludge. Adequacy of the gas treatment
line to handle the higher NOx and particles
emissions.

Mineral content of waste generally remains as
ash. Ashes are potentially used on land as
fertilizer or incorporated in cements, brick, etc.

Combustion achieves the largest reduction of the
SS volume.

Most commonly applied outside Australia and at
centralised facilities with low land availability.

Thermal
and
electrical
energy

Ashes (N,
Vadd)

Medium

Torrefaction/

Pelleting (Li et al.
2015)

For: All  RMP
organic wastes

Thermal process (200 — 400 °C) used as a pre-
treatment or conditioning step prior to further
thermal processing, such as combustion or
pyrolysis. Torrefaction dries waste and removes
volatile compounds with lower calorific value.
The resulting pellets are generally dry and energy
dense.

Pellets are easier to transport and store. The
waste pellets after torrefaction have better
properties for energy generation than just

Pelleted
Biomass/
fuel

(Vada)

Medium/

Low
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Suitability

Name Description Products | TRL
RMP

dewatered and dried waste.

Technology already used for other types of
biomass. It can be co-pelletised with other
biomass/waste. Existing market demand for
pellets as multi-fuel boiler feed.

HydroThermal waste decomposition at high temperature (300- Bio-oil (E)
Liquefaction 400 °C) and pressure (~200 atm) into biocrude oil.

Dewatering or pre-drying of waste is not
required.

For: All RMP
organic wastes Feedstock flexible.
Medium/
Bio-oil properties are comparable to fossil crude 5
oil. High

Promising technology under development. But
limited commercial application and this increases
risk.

Requires energy input. Biocrude yields and
energy balances need to be assessed.

Gasification Thermal process that decomposes organic matter | Syngas (CO
at elevated temperature (1000 °C) at a limited & H2)

(Fytili and | oxygen concentration.
Zabaniotou 2008)
Gasification generally produces are larger volume
of ash than oxygen rich combustion, and may Ashes

produce a value-add char.
For: All RMP 6 Medium

organic wastes A portion of syngas is often used to supply energy
to the process. The energy balance is highly
sensitive to moisture content and the waste
needs to be dried before thermal processing.

Technology under development. Few applications
worldwide.

Pyrolysis/Syngas Thermal process that decomposes organic matter | Syngas
at elevated temperature (300-800 °C) in the Medium/
(Fonts et al. 2012) | absence of oxygen. 6
High
Product proportions are affected by process Tar/Oil
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Name

Description

Products

TRL

Suitability
RMP

For: All RMP
organic wastes

conditions and feedstock composition.

Biochar makes the heavy metals in the waste
more resistant to lixiviation.

The energy balance is highly sensitive to moisture
content and the waste needs to be dried before
thermal processing.

(Vada / E)

Char (solid)

(Vada / E)

Bio-hydrogen

For: All RMP
organic wastes

Biological process that degrades waste into a
hydrogen-rich biogas. Needs to be followed by
anaerobic digestion.

Energy balances and cost benefit are not clear.
Limited evidence that the additional capital and
operation costs are offset by the energy
production.

Bio-hydrogen production can be coupled with
fermentation.

Biogas (E)

Carboxilic
acids (Vadd)

Medium/

Low

Biodiesel

For: DAF sludge
and other high fat
streams

Production of a biodiesel after extraction of fat,
oil and grease from waste (note: this is a different
form of oil to the bio-crude generated from some
thermal processes).

The low lipid yields in the waste combined with
the high cost of the extraction process makes this
technology unsuitable to most sludge streams.
The technology is suited to wastes with high lipid
content.

Biodiesel

(E)

Low

Notes: E: energy recovery; N: nutrient recovery; Vagq: value-add product; GHG: greenhouse gases.

2.3.2 Thermal Processing — Nutrient Recovery

AMPC

Table 3 provides further details on nutrient recovery technologies, including key products, technology
readiness level (TRL — detailed in Appendix) and suitability for sewage sludge applications.
Technologies that enable energy recovery and nutrient recovery, such as anaerobic digestion and
pyrolysis are included in Table 2 and not repeated in Table 3.

Table 3: Summary of Resource Recovery Technologies used for Nutrient Recovery

AUSTRALIAN MEAT PROCESSOR CORPORATION
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Name

Description

Products

TRL

RMP
suitability

Composting
(Wei et al. 2001)

Microbial process that converts waste into
compost (stable organic matter).

That are multiple technologies configurations,
many are low-tech low-cost technologies. All
forms of composting produce a stable final
material that can be sold or applied as a soil
conditioner. However, the value of the
compost may be lower than the cost of
production. Pre-drying waste or blending with
dry materials may be required.

GHG emissions and odours may be high.

Energy content is not recovered, however
nutrients may be recycled as compost product.

Commercially applied in RMP (particularly
Australia), but facing increasing regulation and
diminishing practice in favour of anaerobic
digestion and co-combustion.

Compost (N)

Medium/
High

Vermi-compost

Vermicomposting is a variation on the
composting process using various species of
worms. The resulting vermicast is claimed to be
of high value. However, the process requires
significant investment and ongoing
management. Specific performance will depend
on the waste characteristics and the species of
worms or larvae grown.

Energy content is not recovered, however
vermi-compost is generally rich in water soluble
nutrients and is a good organic fertilizer/soil
conditioner. Several operations have been
successful whereas others have failed. There is
ongoing interest in the use of black solider flies
to produce protein from RMP wastes.

Compost (N)

Medium/
High

Surface
Spreading

Direct land application on the land surface. This
method may be applied on the raw waste, or
waste after stabilisation through composting or
anaerobic digestion.

Direct application of raw waste was widely
used in the past due to low costs. However, this
method is facing increasing regulations and

AUSTRALIAN MEAT PROCESSOR CORPORATION @ ampc.com.au
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RMP

Name Description Products TRL o
suitability

permitting requirements.

Direct soil injection may be applied on the raw
waste, or waste after stabilisation through
composting or anaerobic digestion. This method
Sub-surface involves mixing the waste within the soil layer
Injection and still requires EPA approval.

This method is more expensive than surface
spreading, but has the added advantage of
reducing the fly problem but the long term
effect on the soil should be monitored.

Notes: E: energy recovery; N: nutrient recovery; Vaqq: value-add product; GHG: greenhouse gases.

2.3.3 Resource Recovery — Alternative Value-add technologies

Table 4 provides further details on alternative value recovery technologies, including key products,
technology readiness level (TRL — detailed in Appendix) and suitability for red meat processing
applications. There are several emerging options for producing high protein feeds from waste,
however much of the research is preliminary. The technology configuration and the technologies
readiness is not clear for RMP applications, therefore production of animal feeds from organic waste
has not been included in Table 4, but may be added to the final report.

Table 4: Summary of Technologies used for Alternative Value-add Applications

.. RMP
Name Description Products TRL L
suitability
Fermentation | Partial-degradation of the waste by Carboxylic
microorganisms to produce carboxylic acids. | acids (Vada)
Low-tech low-cost technology. However,
fermented waste generally requires further
treatment before disposal. .
5 Medium/L
ow

Fermented waste is compatible with AD and
some thermal processing technologies.

The carboxylic acids produced can be used
as a carbon source for biological nutrient
removal, converted to energy in anaerobic
digester, converted to bioplastics or

AUSTRALIAN MEAT PROCESSOR CORPORATION @ ampc.com.au
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Name

Description

Products

TRL

RMP
suitability

possibly sold as commodity chemicals.

Wet
Oxidation

(Baroutian et
al. 2015,
Bertanza et al.
2015)

Decomposition of waste at moderate
temperature (150-350 °C) and high pressure
(20-150 atm) using pure oxygen or air.

Currently used to treat industrial
wastewater with recalcitrant compounds.

Pre-drying waste is not required.

The carboxylic acids produced can be used
as a carbon source for biological nutrient
removal, converted to energy in anaerobic
digester, converted to bioplastics or
possibly sold as commodity chemicals.

Although there are approx. 250 reference
plants worldwide, there are still
considerable knowledge gaps for RMP
applications.

Carboxylic
acids (Vadd)

8-9

Medium

Bioplastics

Biological process that forces the
accumulation of Polyhydroxyalkanoates
(PHA) in bacterial cells. PHAs are used in the
production of biodegradable bioplastics.

Requires changing the STP operational
conditions, including SS fermentation.

Plastic yields are typically low and high
recovery costs hinder process feasibility.

After plastic recovery SS stills needs to be
treated before disposal.

Technology in its early stages.

Bioplastic

(Vadd)

Medium/L
ow

Fibre
Extraction/

Biocomposite
s

Sludge may be rich in undigested
lignocellulose fibers. Such fibers could have
value in making paper, board and
biocomposite materials (applications
including automotive, packaging,
furnishings, decking, etc.).

Fibres generally refined using chemical

Biocomposites
(Vada)

Biocomposit
e-9

Waste
Application -
2

Medium
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Name Description Products TRL ,RMI_),
suitability

digestion (K/NaOH)

Rendering Many RMP include primary treatment to

Primary separate waste high in fat, oil and grease. In

effluent some cases, the wastes can be recycled to High (to

screenings rendering to produce lower grade tallow. 9 FOG
However, depending on the primary streams
treatment method, the by-products may be only)
excluded rendered products from certain
markets.

Notes: E: energy recovery; N: nutrient recovery; Vaqq: value-add product; GHG: greenhouse gases.

3 PROJECT OBIJECTIVES

e Conduct proof-of-concept testing (at laboratory scale) and identify the operational window of
experimental parameters (moisture content of waste, airflow rate and sand-to-waste mass ratio)
for robust self-sustaining smouldering and how these parameters impact the temperature and
reaction kinetics of the process.

o Where appropriate, characterize the ash residues formed during the smouldering process, and
assess the extent/potential for: i) odour generation/management; and ii) recovery of nutrient
resources and value-add products.

o Develop a cost-benefit analysis of smouldering compared to other alternative low energy
combustion approaches (and broader solid waste management technologies) appropriate for red
meat industry application.

e Evaluate how the smouldering technology compares with: i) current best practice; and ii)
emerging solid waste management strategies on an overall economic and environmental basis.

e Progress to preliminary field trials.

4 LOW TEMPERATURE SMOULDERING REVIEW
4.1 Summary

Smouldering combustion has emerged as an alternative treatment option for organic solid wastes with
high moisture contents (80-85% wt), with some success in similar applications from other industries
(Rashwan et al. 2016). The key advantage of the smouldering technology is that stable process
performance can be achieved at very high moisture content without the need for external fuel and/or
energy input. This key feature allows for treatment of problematic (high moisture, low caloric value)
waste streams where alternate treatment methods (e.g. anaerobic digestion) are less attractive. A
summary of the smouldering technology and the potential applications to red meat processing solid
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wastes is given below:

e Smouldering is a slow, low-temperature combustion process that exhibits very high energy
efficiency and therefore is able to treat solid wastes with high moisture content (~80%
moisture) with virtually no external energy input (Rashwan et al. 2016).

e In the Smouldering process, wet solids (e.g. paunch, manure, DAF sludge) need to be
embedded in a porous medium. Sometimes the fuel forms this porous medium but in other
cases the wet solids are mixed with sand to create favorable reactor conditions. If sand is to
be used, then the sand is recovered and recycled to the start of the process.

e A schematic representation of the smouldering reactor is illustrated in Schematic
representation of the smouldering reactor. The reactor schematic is shown in (a); the
operating concept is shown in (b).. Two key characteristics of smouldering enable this form of
combustion to overcome the limitations of conventional incineration:

o Smouldering combustion is controlled by oxygen diffusion to the fuel surface.
Characteristic oxygen mass transfer time scales are comparable to heat transfer time
scales within a porous medium (sand) resulting in a very efficient heat exchange
between the reaction and the fuel.

o Smouldering has a much lower activation energy than flaming combustion. This allows
for the reaction to persist with much lower energy input than typical combustion.

e Smouldering can be applied to waste solids such as paunch, manure, DAF sludge, waste
activated sludge and others. Smouldering can be applied to the wastes directly, or after these
streams are treated using anaerobic digestion for energy recovery.

e The only solid residue from the process is inorganic ash, which dramatically reduces the mass
of solid waste and further enables targeted recovery of valuable resources such as phosphate
and coagulants, using state-of-the-art methods.

e Smouldering reactors achieve complete destruction of harmful pathogens.

e Smouldering reactors operate at ambient pressure — reducing the complexity and cost of
process infrastructure.

e Smouldering reactors can operate as batch, continuous or even semi-continuous processes
and are therefore well suited to slaughterhouse operations.
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Figure 3: Schematic representation of the smouldering reactor. The reactor schematic is shown
in (a); the operating concept is shown in (b).

4.2 Operating Principle

Smouldering combustion differs from other forms of combustion in that the reaction rates are much
slower, with characteristic time scales consistent with diffusive processes. The slower reaction rates
facilitate much more effective heat exchange thereby minimizing losses by radiation, conduction and
convection. As a result chemical reactions associated with smouldering combustion are able to
proceed at temperatures much lower than for other combustion processes.

Research in the general area of smouldering provides detailed information on reaction rates and the
transfer processes occurring in a smouldering process (Ohlemiller 1985, DiBlasi 1995, Leach et al 2000,
Rein et al 2006, Hadden et al 2013, Huang and Rein 2014, Huang and Rein 2016(a), Yang et al 2015,
Yang et al 2016). In general the reactions are similar to other forms of combustion, there is a mix of
processes consuming heat energy (such as evaporation of water) and processes generating heat
energy (pyrolysis and oxidative combustion of organics).

High moisture content generally means high demand from the energy consuming processes. For the
energy generating reactions to occur, the heat energy provided by the combustion reactions (or an
external heat source) must be sufficient to overcome the activation energy of the reactions. In
traditional combustion processes, all energy generating and energy consuming reactions occur in the
combustion flame. The flame thickness is very thin, so all chemical processes compete in the same
location. Therefore, high moisture can cause quenching in traditional combustion processes.

While the chemical mechanisms associated to any combustion process are similar and apply to
smouldering, the particular features of smouldering can result in an emissions profile that is very
different to a conventional combustion or incineration. To understand smouldering emissions it is
important to understand the different reactive stages of smouldering combustion. A unique feature
of smouldering combustion is that the heat and mass transfer characteristics enable different reactions
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to be spatially distributed (i.e. some physical separation between the energy consuming and energy
generating reactions). When a porous medium is used within the smouldering reactor filtration and
condensation processes are common. The result is a temporal evolution of emissions as the
smouldering front progresses through the reactor. A review of most of the relevant literature shows
that evaporation of relatively stable high molecular weight species occurs below about 220°C
generating numerous products. Decomposition of biomass containing compounds such as starch,
cellulose, hemicellulose, lignin, and pectin occurs mostly at temperatures higher than 220°C. As the
temperature increases, thermal degradation of the lignocellulosic biomass will occur.

In a smouldering reactor, degradation of organics will occur through both pyrolysis and oxidative
combustion and generally requiring a sequence of pyrolysis and oxidative combustion reactions
occurring in different zones under different conditions. Pyrolysis is a complex process and can include
both energy generating and energy consuming reactions. For the degradation process to become self-
sustaining, the net energy generated by all reactions must surpass the apparent activation energy of
all reactions combined. Temperature is a critical aspect of the process that impacts the degradation
pathways. Tumuluru et al (2011) provides a detailed review of low temperature biomass degradation
as part of a discussion on torrefaction. Figure 4 (extracted from Yang et al (2007) and Einhorn-Stoll et
al (2007)) compares the degradation paths for hemicellulose, cellulose, lignin and pectin (typical
components of biomass). While the onset of degradation for cellulose occurs above 300°C and is
energy consuming (these processes will be referred here as endothermic pyrolysis), hemicellulose and
pectin undergo energy producing degradation between 220°C and 250°C, lignin can undergo energy
producing degradation as low as 150°C (exothermic). The composition of the gas products of
degradation below 300°C are provided by Werner et al (2014) for different biomass products, showing
the presence of CH,, CO and CO,. Pyrolysis reactions generally leave a char, which can be subsequently
degraded through oxidative combustion at high temperature. Typical mass loss in the pyrolysis stage
can reach approximately 10% of the biomass (Bergman et a/ (2005)). Figure 4 shows that below 300°C-
350°C, endothermic pyrolysis reactions dominate over exothermic degradation reactions requiring an
external heat supply to sustain the degradation of the material. At higher temperature, the exothermic
degradation pathways are more dominant leading to excess heat, the goal is to transfer this excess
heat through the porous media to support pyrolysis and pre-evaporate water away from the
smouldering front.
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Figure 4: (top) DSC curves of hemicellulose, cellulose and lignin pyrolysis. (From Yang et al
(2007)) (bottom) Thermal degradation of citrus pectin with DSC, TG and DTG curves (From
Einhorn-Stoll et al (2007)).

Complex heat and mass transfer processes will deliver the temperature distributions within a
smouldering reaction. Establishing if the biomass has attained a sufficient temperature for self-
sustained smouldering or smouldering propagation, requires accurate measurements of the
temperature in the biomass and/or detailed modelling of all heat and mass transport processes as well
as the decomposition chemistry (Ohlemiller 1985).
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4.3 Incineration and the Formation of NOy

The temperatures achieved by flaming combustion (> 800°C) are much higher than the temperatures
necessary for the onset of smouldering combustion (typically >350°C) and therefore emissions studies
associated to incinerators will show drastic differences with those related to smouldering. A good
example is the formation of NOx.

Gaseous emissions from combustion processes are mainly composed of carbon dioxide, oxygen,
nitrogen and water but can also contain carbon monoxide, sulfur oxides, nitrogen oxides, hydrogen
chlorine and small quantities of dioxins and furans. The production of these unwanted compounds is
related to the combustion process and the fuel. The fuel is generally a given parameter that can only
be modified by means of separation and mechanical breakdown. Mechanical breakdown can affect
the combustion process but the largest variability of the output is obtained by altering the operative
conditions. Numerous studies have been developed to understand the influence of operating
combustion parameters on the yield of pollutants and to better understand the mechanisms leading
to their formation. Koshland (1996) and Lighty et al. (1998) provide in-depth reviews on these matters.

Different models have been developed to attempt adequately description of the behaviour of different
waste incinerators. All of these models rely on strong simplifications. No consensus on an appropriate
modelling methodology seems to exist, instead, modelling techniques have been chosen to best
represent the characteristics of particular reactors. Nevertheless, what is clear is that the production
of combustion products is all governed by what happens in the gas phase. Parameters such as excess
air (i.e. global equivalence ratio), turbulence intensity and flame temperatures dominate over the
outcome. Below 880°C the production of NO is very limited almost ceasing to exist at certain
equivalence ratios. It is clear that under different burning conditions and reactor characteristics these
values might vary but are not drastically different (Rogaume et a/ (2002 and 2004)).

It is possible that smouldering combustion of biomass reaches levels beyond the onset of NOx
productions however, these temperatures have not been commonly attained with biomass or sludge
(Rein et al (2009), Rashwan et al (2016), Yerman et al (2016)) and are more common with materials
such coal tar (Kinsman et al (2017)). Most acceptable operating conditions will not exceed 900 K, thus
self-sustained smouldering propagation can be maintained at temperatures below those that result in
significant production of NO,.

4.4 Smouldering Emissions

The emissions from smouldering combustion are often far more numerous and complex with greater
concentration vyields than what is found in flaming combustion (Baker and Kilburn (1973),
Muraleedharan et al (2000), Tissari et al (2008)). The emissions from smouldering are most strongly
correlated to the chemical composition of the fuel. The chemistry of the fuel will be the strongest
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determinant the possible gaseous and condensable thermal degradation products as well as the extent
of fixed carbon remaining for combustion there-by also influencing combustion temperatures. The
temperature affects the type of emissions produced but, in the case of smouldering, it is secondary to
the importance of chemical structure. General emission products as a function of the starting fuel and
smouldering region are shown in Table 5 and Table 6.

The spatial resolution of the different fronts associated to self-sustained smouldering propagation
allows for a complex combination of compounds transferred with the flow from each stage of the
degradation process. The spatial and temporal evolution of the smouldering front within the porous
bed will determine the overall emissions of a reactor. Though it is well established that emissions from
smouldering have multiple formation pathways, many smouldering experimental studies look at the
bulk emissions for the global smouldering process and do not distinguish how or when they were
formed. In contrast, extensive research has been carried out (primarily via TGA or Pyrolyser) to
determine pyrolytic and oxidative thermal processes for many different chemical species with various
reaction mechanisms proposed for the detected gaseous emissions. Important physical and chemical
information can be elucidated from these studies, however, care must be taken when extrapolating
these results to smoldering. Smouldering is a dynamic process where temperature and species
concentrations can vary sharply over very small distances. Furthermore, heating rates in smouldering
are dependent on the gaseous flux through the system and can also vary in space and time. Often,
thermal degradation studies do not mimic the conditions as experienced in actual smouldering
combustion by using unrepresentative heating rates and atmospheres (Baker (1987)). H,, for example,
is often a main pyrolytic decomposition product found in thermal degradation studies but is generally
negligible in true smouldering because heating rates favours the formation of H,0.
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Table 5: General emission products for different smouldering regions for biological fuels

Fuel Type Boiling Distillation/Volatilization Exothermic Degradation ‘ Endothermic Pyrolysis High Temperature Oxidation
Inert Heating Assisted Thermal Degradation Self-sustained Smouldering
500-950°C (Baker (2006), Olsson
100-350°C (Bertschi (2003), Baker 400-900°C (Baker (1987), Bertschi (2006), Baker and Kilburn (1973),
50-200°C (Baker (1987), (2006), Orfdo et al (1999), Sharma et al (2003), Baker (2006), Orfdo et al Rein et al (2008), Bar-llan et al
20-100°C (Baker (1987)) Bertschi (2003)) (2001)) (1999), Britt et al (2003)) (2004), He et al (2014))
Parent Emission Parent Emission Parent Parent Parent Emission
Compounds Products Compounds Products Compounds Emission Products Compounds Emission Products | Compounds Products
Bound Water Steam Terpenes ~95% Cellulose CO and CO; (Baker et | Cellulose, CO/CO; (Baker and | Fixed Carbon | CO,, CO, PAHs
(McKenzie transmission (Baker 2006)), | al (2005), Baker and | Lignin Kilburn (1973), | Chars, 0O, | (Black et al
(1996))[38], through Hemicellulose Kilourn (1973), Burton | (Bertschi Baker et al (2005), | Bound (2016), Robb et
Light system (Orfao et al | (1975),Baker et al | (2003)), Burton (1975), | Inorganics al (1966)) , NOy,
Hydrocarbons, (Baker and | (1999)), Lignin | (1981)), C1-Cs | Amino Acids | Baker (1981)), >C4 PCDD/F? (Black
Biological Semi-Volatile Bishop (Orfao et al | Alkanes/Alkenes (Baker Alkanes/Alkenes et al (2016)),
Fuels Molecules (2004)) (1999)), Sugars | (Baker (1987), Baker | (1987), Baker | (Bertschi (2003), H,0, HCN,
(Biomass, (Baker and (Baker (1987), | et al (2005), Baker et | (2006)), Baker (2006), (Alcohols  and
Peat, etc.) Bishop (2004) Pectin (Baker | al (1981), Orfdo et al | Esters (Baker | Baker (1981)), Ketones)
1987), Sharma | (1999)), Small | (1987)), Plant | Aromatic
et al (2001)), | Alcohols Steroids Hydrocarbons(Bak
Organic Acids, | Ketones/Aldehydes (Britt et al | er (2006), Olsson
Long-Chain (Formaldehyde)(Bake | (2001)) (2006)), PAHSs (Britt
Hydrocarbons r (1987), McKenzie et et al (2003), Baker
(Baker (2006)) | al (1984), Bertschi (2006), Britt et al
(2003), Yokelson et al (2004)), NH3,
(1997), Olsson Ha(Baker (1981))
(2006)), HCN (Lobert
et al (1991)),
NHs(Yokelson et al
(1997))

1)  This temperature region overlaps with the combustion region and can typically only occur in oxygen devoid regions around the combustion zone

2)  Only possible with chlorinated species in the system

3)  Hydrocarbon emissions emit broadly with little work exploring high temperature pyrolysis because it is either dominated by combustion or mineral decomposition
4)  Decreasing yield with increasing chain length

5)  Wide variety in peak temperature depending on fuel type, inherent moisture content, oxygen flux, and heat losses

6)  Unlikely to initially have moisture content but some could form from combustion and condense in the system
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Table 6: General emission products for different smouldering regions for heavy hydrocarbon, tars and sludge fuels

Fuel T Boiling Distillation/Volatilization Exothermic Degradation Endothermic Pyrolysis High Temperature Oxidation
uel Type
Inert Heating Assisted Thermal Degradation Self-sustained Smouldering
500-1200°C* (Xu and Huang (2010),
200-600°C3 (Karayildrim et al (2006), Xu and Huang (2010), Tiwari and Deo Switzer et al (2014), Martins et al
20-100°C 50-250°C (2012), Huang et al (2016)) (2010(b)))
Parent Emission Parent Emission Parent Emission
Compounds Products Compounds Products Parent Compounds Emission Products Compounds Products
Heavy Bound Water Steam Volatile Long-Chain Saturated and Unsaturated | CO/CO,, C,1-Cs | Fixed Carbon | CO,, CO, PAHs,
Hydrocarbon aliphatic  and Hydrocarbons (Karayildrim et al (2006)), | Alkanes/Alkenes/Alkynes* Chars, 0,3, | NOL20],
Tars/Sludges/ aromatic Aromatic and Naphthalenes, | (Karayildrim et al (2006), Tiwari and | Bound PCCD/F?, Hy0,
Shale compounds, Asphaltenes (Xu and Huang (2010)), | Deo (2012), Pan et al (2015)), | Inorganics Formic/
Saturates (Xu Bitumen, Kerogen Aromatic Hydrocarbons Naphthenic
and Huang (Karayildrim et al (2006), Xu and Acids, Aromatic
(2010)) Huang (2010), Pan et al (2015)), Hydrocarbons
PAHs, SOy(Martins et al (2010 (Xu and Huang
(a)))[48], H2 (Huang et al (2016), (2010))
Monhol and Martins (2015))

1)  This temperature region overlaps with the combustion region and can typically only occur in oxygen devoid regions around the combustion zone

2)  Only possible with chlorinated species in the system

3)  Hydrocarbon emissions emit broadly with little work exploring high temperature pyrolysis because it is either dominated by combustion or mineral decomposition
4)  Decreasing yield with increasing chain length

5)  Wide variety in peak temperature depending on fuel type, inherent moisture content, oxygen flux, and heat losses

6)  Unlikely to initially have moisture content but some could form from combustion and condense in the system
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4.5 Application to the Red Meat Industry

As a stand-alone technology, smouldering is able to deliver value through complete dewatering
combined with significant reduction in waste solids mass and volume. The most useful comparison in
literature is the treatment of dewatered biolsolid from municipal wastewater treatment, this is a low
energy organic waste with challenging dewatering properties and a stream where smouldering was
successful at up to 80% moisture (Rashwan et al. 2016).

The specific operating conditions for successful smouldering will depend on the process conditions and
the energy content of the waste. Importantly, the energy available from combustion must exceed the
energy required for evaporation of water combined with any losses occurred from inefficient mass and
energy transfer. An example energy balances using manure is shown in Figure 5. The example energy
balance is based on a smouldering feed of cattle paunch at 80% moisture. Cattle paunch was selected
for the example due to the high production and high disposal costs at many RMP. The energy balance
suggests that the combustion energy in paunch is more than sufficient to completely evaporate the
embedded water, however actual performance will vary depending on the combustion efficiency and
losses.

Off-Gas Treatment?

b
Ld

'Y
Ld

> 800 kg Water/Steam
+CO, N, O

Flue gas energy
~ 2296 MJ

1 tonne Paunch/Solid Waste

> Smouldering
200 kg Solids (organics/inerts) Reactor

800 kg Water

Heat Released
2880 MJ A

~ 30 kg Inerts, Ash,T:’, K, metals

Air

Figure 5: Preliminary energy balance on a smouldering process with paunch solid waste as the
process feed (assuming calorific value for paunch of 17 kJ/dry kg and 85% recovery of this

energy).

As a guide, smouldering has the capacity to reduce 1 ton of dewatered meat processing solid organic
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waste (moisture content 80% wt and organic solids at 90% of dry matter) to approximately 20-30 kg
of ash, without the need for external fuel or heat input. However, the specific benefits of smouldering
will vary for each stream based on the moisture content and the ash content. Examples of RMP soild
wastes where smouldering may be applied are shown in Table 7, with the exception of Saveall
sediment all the solid wastes are <80% moisture. The ash content of the waste represents the final
mass expected after application of smouldering. For the wastes in Table 7, mass reductions ranging
from 99% for paunch to 75% for manure would be expected.

Table 7: Example Compositions of Solid Waste at Australian RMP (2017/1031)

Sample type Mixed Species Cattle Sheep Saveall Tallow DAF float

Paunch Manure Manure sediment (saveall

float)

TS (g/kg) 229+5 558 + 54 385+25 144 + 12 237 +30 620+ 10
VS (g/kg) 2204 314+ 36 283 +20 108 + 12 228 +29 594 +13
Ash (g/kg) 9+5 244 +5 102 +30 36+18 109 + 35 26+16
VS/TS 0.96 £ 0.03 0.56 £0.15 0.73 £0.09 0.75+0.14 0.96 £0.18 0.96 £ 0.03
Total COD (gO2/kg) 249 +23 364 +22 339+36 184 +5 473 £37 1,081 + 105
TCOD/VS 1.14 +0.09 1.16 +0.13 1.2+0.13 1.7+0.12 2.08+£0.15 1.82+0.1
Total TKN (mgN/kg) 3,507 13,533 10,447 2,781 1146 5295
Soluble TKN (mgN/kg) 41 245 1369 179 39 44
NH4+ (mgN/L) 36 194 1,278 113 5 17
Total TKP (mgP/kg) 260 6334 2385 551 618 2841
Soluble TKP (mgP/kg) 14 120 35 91 73 22
PO4-P (mgP/L) 68 461 37 95 88 84
Aluminium (Al) (mg/kg) 17 607 399 109 20 156
Calcium (Ca) (mg/kg) 2,587 9,220 6,544 2,870 3,231 11,807
Iron (Fe) (mg/kg) 62 820 665 244 106 426
Potassium (K) (mg/kg) 104 9,637 6,934 106 76 234
Magnesium (Mg) (mg/kg) 156 2,386 1,092 291 60 151
Sodium (Na) (mg/kg) 270 4,507 6,061 193 211 210
Sulfur (S) (mg/kg) 307 1,844 1,730 185 160 540

Importantly, smouldering can be applied to these wastes directly, or after application of energy
recovery technologies such as Anaerobic Digestion. Example mass and energy balances for different
process implementations are shown in Figure 6 and Figure 7. The use of anaerobic digestion as a
smouldering pre-treatment will not impact the final solids for disposal, however AD may improve
paunch dewatering and facilitate energy recovery in the order of 8GJ/dry ton paunch.
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Flue +
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Water: 4000 kg
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Figure 6: Example mass and energy balance for smouldering applied to dewatered paunch

Methane:
& 230 m® (7.8 GJ)
Flue +
Steam @ 150°C
Solids: 1350 kg

(3.8 GJ)
Paunch Waste Q Digested Solids
p— (OO g
Solids: 1000 kg 30|Id§2 450 kg
Water: 19000 kg Water: 1350 kg
N: 13 kg . N 6.3
P: 7 kg Anaerobic P:4.9kg
Digester
Filtrate Ash
Solids: 0 kg Solids: 100 kg
Water: 17650 kg P: 4.9 kg
N: 6.7 kg
P: 2.1 kg

Figure 7: Example mass and energy balance for smouldering applied to dewatered paunch after
anaerobic digestion
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5 METHODOLOGY

5.1 Stage 1: Desktop analysis and basic feasibility

e Conduct complete literature review, including competitive analysis against pyrolysis,
torrefaction, combustion (e.g. boiler fuel), incineration, anaerobic digestion and composting.
As well as cost benefit analysis, value proposition, and SWOT analysis of the technology.
e This will complete 3 months after the project start, and will represent a stop/go point with the
following criteria:
e Capital cost estimates are order of magnitude comparable with existing platforms (e.g.
composting, digestion, combustion).
e Return on investment for a range of product utilisation options comparable with
existing processes (i.e., >10% ROI).

5.2 Stage 2: Technical feasibility through batch testing

Stage 2 aims to demonstrate proof-of-concept and gain an in-depth understanding of the operational
boundaries and optimal process conditions to maintain self-sustainable smouldering conditions
(conditions without external heat or fuel supply). This will provide essential support for the design and
operation of a continuous process and/or a pilot-scale facility proposed in Stage 3 (to be submitted for
funding review in 2017/18). Of particular importance will be to establish if an inert solid (i.e. sand) is
necessary for the smouldering reaction to be self-sustained.

The most important parameter for assessment in the bench top testing is determination of the
maximum water content where smouldering combustion is self-sustaining. This assessment must also
consider the variability of organic waste composition and possible impacts on the calorific value.
Therefore, extensive experimental investigations will be conducted using a smouldering reactor
operating in batch-mode. Key operational parameters that will be investigated will be:

(i) Origin of the organic waste (paunch, manure, DAF sludge, wastewater treatment sludge)
(ii) Moisture content of the waste,

(iii) Sand-to-waste mass ratio (if sand is required to create a porous media), and

(iv) Air flow.

Bench-scale experiments (20 L) under different conditions will determine the operational window for
self-sustaining smouldering as a function of moisture content, sand-to-waste ratio and air flow. The
experiments allow accurate assessments on the impact of the above mentioned key parameters on
the overall process performance in terms of temperature and organics removal/dewatering rate.
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5.3 Stage 3: Development of a continuous process and dynamic field testing

Based on the outcomes of the batch experiments, continuous tests will be conducted to determine
long-term process performance. The continuous reactor operates in a plug-flow style. The process
design includes a turntable at the bottom that allows for continuous (or intermittent) sand removal,
while fresh sand-waste mixture is added from the top. The removal rates are designed to maintain the
smouldering front at a constant height in the reactor. In the continuous experiments the temperatures
at different reactor heights will be measured in real-time by means of thermocouples placed along the
axis of the reactor. The temperature histories obtained from these measurements will be used to
determine the organics removal/dewatering rate.

Multi-criteria assessment (MCA) will be used for a detailed assessment of the relative merits of
smouldering technology, compared to current best practice solid management (and other emerging
technologies) in the red meat processing industry. This will include a thorough cost estimate generated
based on the results of initial batch testing and updated through long-term pilot testing. This will be
compared against the current economic cost for waste management in red meat processing and may
include broader industry comparison such as Australian water utilities in Australia. A risk assessment
will be used to determine the OH&S implications of the proposed technology.

6 SMOULDERING LABORATORY RESULTS

6.1 Paunch Sample Collection

Paunch samples were collected from 2 QLD red meat processing facilities for analysis in this project,
named Site A and Site B. Samples differed on animal breed, diet and dewatering method.

Paunch samples were characterized by the following techniques:

e Moisture, ash and volatile matter content (proximate analysis)

e Elemental analysis: basic chemical composition (C, H, N, S, O, P and metals)

e Energy content (gross heat of combustion)

e Thermo-gravimetric analysis (TGA): to understand the reactions taking place during
smouldering. Gives information on the ignition temperature.
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Figure 8: Site B paunch grass mixed with sand

6.2 Experimental set-up

Smouldering experiments were carried out in a column reactor (0.16 m internal diameter and 1 m
height). Key components of the reactor are shown in Figure 9.

A series of batch experiments were performed in order to assess the impact of moisture content,
airflow, sand/waste ratio on smouldering performance. During each batch experiment, the bottom
layer of the column was initially heated until the temperature reached 200°C. When the bottom of the
waste bed reached 200°C, airflow was initiated and external heating turned off. The reactor then relies
on self-sustaining combustion to complete the smouldering process.
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Figure 9: Main constitutive parts of smouldering reactor. Top left: base showing air inlet below
and thermocouple tree above. Bottom left: electric col heater. Middle: stainless steel column and
Rockwool® insulation. Right: The assembled reactor

6.3 Results
6.3.1 Paunch characterization
Paunch samples collected from each site for were characterized by the following techniques:

e Moisture, ash and volatile matter content (proximate analysis)
e Elemental analysis: basic chemical composition (C, H, N, S, O, P and metals)
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e Energy content (gross heat of combustion)
e Thermo-gravimetric analysis (TGA): to understand the reactions taking place during
smouldering. Gives information on the ignition temperature.

The results are summarized in Table 8 to Table 10. Paunch from Site A contained a lower solids content
and a lower fraction of organic matter than paunch from Site B, contributing to a lower calorific value
(16.9 kiJ/dry kg compared to 17.6 ki/dry kg), it is therefore expected that paunch from Site A will be
more challenging to achieve self-sustaining-smouldering.

Table 8: Paunch composition from Site A and Site B — Solids, moisture, energy content

Site A Site B
Dry Matter (%, wet basis) 17 23
Moisture (%, wet basis) 83 77
Volatiles (%, dry basis) 72.2 84.6
Fixed carbon (%, dry basis) 18.5 5.9
Ash (%, dry basis) 9.4 9.5
Energy (kJ/g, dry basis) 16.9 17.6

Table 9: Paunch composition from Site A and Site B — non-metallic elements (dry basis)

paunch C H N S 0] P B
g.kg! g.kg? g.kg? gkg? gkg? gkg? g.kg?
Site A 40.8 53 13 0.2 48.0 0.7 <0.1
Site B 44.0 5.8 1.5 0.1 47.2 0.4 <0.1
Table 10: Paunch composition from Site A and Site B — metallic elements (dry basis)
Al Ca Cu Fe K Mg Na Zn
Paunch _ _ : _ _ : _ _
mg.kg? | mgkg! | mgkg! | mgkg! | mgkg! | mgkg! | mgkg! | mgkg?
Site A 720 7285 9.2 9.0 1051 3424 2496 43
Site B 135 4328 6.9 11.9 367 1423 3175 129

Thermo-gravimetric analysis (TGA) is used to assess the chemical reactions taking place during the
smouldering process. TGA experiments were conducted using air as the atmosphere and at a heating
rate of 20°C per minute. The TGA profiles from Site A and Site B are shown in Figure 10 and Figure 12
respectively. The paunch samples from both sites showed similar TGA profiles indicating no significant
differences in the combustion behavior.

Results showed paunch from Site A was combusted between approximately 200 and 580 °C, while
paunch from Site B was combusted between 200 and 610 °C. These paunch combustion profile are
similar to the combustion profiles of cellulose and hemicellulose (between 200 and 400 °C) and lignin
(between 400 and 600 °C), this finding is consistent with the high lignocellulosic content expected for
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paunch. Combustion temperatures of at least 400 °C are expected during smouldering, necessary to
burn the lignin present in the paunch grass. Based on these results, an ignition temperature of 250°C
was chosen according to the results and previous knowledge on smouldering.
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Figure 10: Combustion profile of paunch from Site A —from TGA
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Figure 11: Combustion profile of paunch from Site B — from TGA
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6.3.2 Smouldering experiments

Batch smouldering experiments were performed using 18 different process conditions in order to
assess the impact of moisture content, airflow, sand/waste ratio on smouldering performance. An
example of the temperature histories for a SSS experiment is shown in Figure 12, key data points from
the experiments are shown in Table 11 to Table 15.
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Figure 12: Example of the temperature histories from a SSS experiment of paunch grass

When self-sustaining smouldering (SSS) is achieved, all waste is burned and only ash and sand remain
inside the reactor. When self-sustaining smouldering is not achieved (i.e. the reaction quenches), a
crust of char and unburned waste remain inside the reactor along with the sand (see Figure 13). The
goal of the lab testing is to achieve self-sustaining smouldering.
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Figure 13: Ash and sand at the end of a self-sustaining experiment (left). Char and unburned
waste at the end of a non-self-sustaining experiment (right)

Minimum solids content to achieve self-sustaining -smouldering

The impact of moisture content was assessed using a fixed airflow rate of 10 cm/s (2 L/s) and
sand/paunch mass ratio of 2. Key results are presented in Table 11. The results presented in Table 11
are the average of replicate experiments under each condition. Results demonstrate that self-
sustaining smouldering is achieved at a paunch solids content of 25%.

Table 11: Key outcomes from smouldering experiments assessing impact of moisture content

Experiment Moisture | Self- Maximum Average Paunch
(%) Sustaining | temperature (°C) temperature (°C) | destruction
rate (g/min)
1 80 NO 556 326 -
2 75 YES 718 402 23
3 70 YES 761 420 20
4 65 YES 1049 453 14

Minimum airflow to achieve self-sustaining -smouldering

The impact of air flowrate was assessed using a fixed moisture content of 70% and a sand/paunch mass
ratio of 2. Key results are presented in Table 12. The results presented in Table 12 are the average of
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replicate experiments under each condition. Results demonstrate that self-sustaining smouldering is
achieved at a lower air flowrate of 1 cm/s (0.2 L/s). Reaction rates were increased with higher air

flowrates.

Table 12: Key outcomes from smouldering experiments assessing impact of airflow rate

Experiment Air Self- Maximum Average Paunch
flowrate | Sustaining | temperature (°C) temperature (°C) | destruction
(cm/s) rate (g/min)

5 0.5 NO 505 374 -

6 1 YES 644 410 7

7 2 YES 752 454 8

8 4 YES 719 447 11

9 10 YES 761 420 20

Minimum sand-to-waste ratio to achieve self-sustaining -smouldering

The impact of sand/paunch mass ratio was assessed using a fixed moisture content of 70% and air
flowrate of 1.2 cm/s. Key results are presented in Table 13. The results presented in Table 13 are the
average of replicate experiments under each condition. Results demonstrate that self-sustaining
smouldering can be achieved without the addition of sand as a porous medium to support combustion.

The temperatures are considerable higher (900 vs 600-700 C). Further research is needed to determine
the potential impact of these differences in temperature on the composition of the flue gas and
subsequent flue gas treatment requirements.

Table 13: Key outcomes from smouldering experiments assessing impact of sand-to-waste ratio

Experiment | Sand-to- Self- Maximum Average Paunch
waste ratio | Sustaining | temperature (°C) temperature (°C) destruction
rate (g/min)
10 0 YES 902 517 8
11 1 YES 678 447 6
12 2 YES 644 462 8

Minimum solids content to achieve self-sustaining —smouldering (without addition of sand)
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The impact of moisture content was assessed using a fixed airflow rate of 1.2 cm/s (0.24 L/s). Key
results are presented in Table 14. The results demonstrate that the moisture content for self-
sustaining smouldering cannot be increased when sand is not used.

Table 14: Key outcomes from smouldering experiments assessing moisture content without
adding sand as a porous medium to support combustion

Experiment | Moisture | Self- Maximum Average Paunch
(%) Sustaining | temperature (°C) temperature (°C) | destruction
rate (g/min)
13 70 YES 902 517 8
14 77 NO 526 354 -

Minimum airflow to achieve self-sustaining —smouldering with addition of sand

The impact of air flowrate on smouldering performance without the addition of sand was assessed
using a fixed moisture content of 70%. Key results are presented in Table 15. The results presented in
Table 15 are the average of replicate experiments under each condition. Results demonstrate that self-
sustaining smouldering is achieved at a lower air flowrate of 1.2 cm/s (0.24 L/s). As the air flowrate
increases the destruction rate increases in a near linear relationship, however the reaction
temperatures remain approximately constant.

Table 15: Key outcomes from smouldering experiments airflow without adding sand as a porous
medium to support combustion

Experiment | Air Self- Maximum Average Paunch
flowrate | Sustaining temperature (°C) temperature (°C) | destruction
(cm/s) rate (g/min)

15 0.5 NO 837 453 -

16 1.2 YES 902 517 8

17 2 YES 838 501 20

18 5 YES 905 526 27

6.4 Summary of Outcomes

e Self-sustaining smouldering of paunch can be achieved at small-scale without the addition
of a porous sand medium, this may reduce the complexity of plant design and operation
(i.e. no required to mix paunch and sand before smouldering and no requirement to
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separate ash and sand after smouldering.

o Results showed that the limits for moisture content and air flowrate are 75% and 1 cm/s,
respectively. This result demonstrates that smouldering could be applied to many RMP
using paunch processing with currently used dewatering technologies, no addition pre-
drying is required. Small scale laboratory experiments are less efficient than large scale
reactors, therefore these results are expected to be conservative and further
improvements are expected.

e The maximum smouldering temperature increases when the moisture content is
decreased, reaching over 1000 °C at 65% moisture. However, the destruction rate
decreases. Higher temperatures may increase the risk of NOx in the flue gas.

e The maximum smouldering temperature increases in a near linear relationship when air
flowrate increases. However, the impact on the temperature can be neglected.

7 DEVELOPMENT OF SMOULDERING PILOT

A small and relatively simple smouldering pilot plant has been designed and constructed to facilitate
on site testing of the smouldering technology under real world conditions. The pilot is designed to treat
50 kg of paunch per batch run.

7.1 Stage 1 Pilot Plant
7.1.1 Stage 1 Pilot Plant Design

The pilot plant shown in Figure 14 includes similar elements to the batch laboratory reactor, on a
larger scale. Key elements are are:

e Reactor (drum)

e Heating element

e Air supply

e Temperature sensors
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Figure 14: The pilot plant and its components

7.1.1.1 Reactor

The body of the pilot reactor consisted of a 200 L steel drum, shown in Figure 15. The drum is insulated
with a layer of Rockwool ® (R-value 4.0) material to avoid heat losses. The drum is open in the bottom.
A grill and a metallic mesh are placed inside in the bottom of the drum. On top of the mesh, 10 kg of
gravel (3-6 mm nominal size from River Sands Pty Ltd) is placed. The gravel has ideal thermal properties
and at the same time avoids the direct heating of the waste with fire flames. Therefore, a slow
continuous heating is achieved, which is crucial to achieve self-sustaining smouldering. In addition, the
layer of gravel avoids the falling ash, during combustion, on top of the air diffuser.

This layer of gravel corresponds to 2 cm. Therefore, TC1 is located at 3 cm from the bottom of the
waste bed. The temperature registered in TC1 is used to determine the time of ignition (airflow ON).
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Figure 15: Steel drum (left), insulation (top right) and internal structure (bottom right)

7.1.1.2 Heating element

The smouldering requires a heat source during startup to achieve the initial ignition conditions for
combustion. In the pilot plant, heat is provided using gas burners. This method of ignition was
previously tested at UQ for the smouldering of faeces. The gas burners are placed under the steel drum
as shown in Figure 16.
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Figure 16: Gas burners used to provide heat during start-up of the smouldering pilot

7.1.1.3  Air Supply

The supply of air flow to the smouldering pilot is achieved using a small air compressor. An air diffuser
has been installed to ensure a uniform airflow along the whole cross-section of the reactor and
complete combustion of the waste.

For the air diffuser, two configurations were tested (see Figure 17): a spiral copper pipe and a hose
ring. The hose ring was chosen as it was easier to implement and gave more uniform airflow.

Figure 17: The two air diffuser configurations tested: (left) spiral copper pipe and (right) hose
ring
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7.1.1.4 Temperature sensors

Three K-type thermocouples (TC) were installed in the drum at different heights (Figure 18). The
thermocouples are used to measure the temperature of the smouldering bed and track smouldering
performance. The relative position and function of each thermocouple is detailed in Table 16.

Table 16: Position and function of the thermocouples in the reactor

Number  Position from bottom Function
of the drum (cm)
TC1 3 Allows to determine the ignition (airflow ON)
TC2 43 For the following of the drying/combustion processes
TC3 73 Determines the exit gas/steam temperature, usually

above the mixture

TC3

TC2

Figure 18: Thermocouples (TC) in the drum for temperature measurement. (a) outside view, (b)
top view.
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7.1.2 Stage 1 Pilot Plant Testing

7.1.2.1 Waste used in pilot testing

As part of the pilot design and testing, preliminary trials were conducted at UQ using grass clippings
collected from the St Lucia Campus. Trials with grass clippings were designed to test the function of
the pilot only and are not an indication of the performance expected for paunch. A comparison of the
solids content and calorific values for grass clippings and paunch is shown in Table 17. Grass clippings
contain a higher ash content and a lower calorific value compared to paunch, and is therefore a more
challenging material for self-sustaining smouldering and performance will be conservative.

Table 17: Comparison of paunch and UQ grass used in initial pilot testing

Paunch A Paunch B uQ grass
Moisture (%, wet basis) 83 77 75
Volatiles (%, dry basis) 72.2 84.6 74.3
Fixed carbon (%, dry basis) 18.5 5.9 14.2
Ash (%, dry basis) 9.4 9.5 10.0
Energy (kJ/g, dry basis) 16.9 17.6 13.2

7.1.2.2 Experiments

During each test, the pilot was loaded with a mass of grass clippings, as shown in Table 18. During start
start-up heat was applied using the gas burners. When the temperature at TC1 reached 250-260 °C,
the heating is ceased, and the gas burners are removed and replaced with the air diffuser. Airflow was
initiated at 1.7 cm/s (270 L/min).

Table 18: Mass, initial grass bed height and results of the experiments performed

. Moisture Content (%) Initial grass bed height Self-
Experiment Mass (kg) -
(cm) sustaining?
1.1 20.7 70 44 YES
1.2 58.7 70 84 NO

The temperature histories for Experiment 1.1 and Experiment 1.2 are shown in Figure 19 and Figure
20 respectively. Experiment 1.1 was successful with self-sustaining smouldering achieved. The start-
up period during Experiment 1.1 was approximately 2 hours and heating was applied during this
period. Under the start-up conditions, the grass destruction rate was 2.5 kg/h (indicating 20% of the
grass was destroyed during start up).

After start-up, heating was removed and air flow initiated. During this period the temperature at the
bottom of the reactor rapidly increased as the waste combusted, as the combustible material was
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exhausted the temperature decreased (hours 2-3). Sand was not applied to the pilot experiments to
maintain the solid bed volume within the reactor, therefore as combustion progressed the bed volume
decreased significantly leading to waste bed compaction. The volume reduction and compaction of the
waste bed and be seen in Figure 19 as a series of temperature spikes at TC1 between 3-5 hours. These
spikes occurred as the bed compacted and the combustion front dropped in height. Overall,
experiment was successful. The highest temperature achieved in the waste bed was 578 °C while the
hottest temperature registered in the combustion gases was 52 °C. There were no unburnt grass
residues in the drum on completion of the experiment. The final bed height of the ash was 4 cm and
0.67 kg of ash was recovered, this corresponds to a mass reduction of 97%. Considering the large
decrease in bed height, it may be possible to operate the equipment as a fed-batch process, where
additional material is regularly added to the drum during operation. This may simplify the
infrastructure for small applications.

Experiment 1.2 was not successful. Two different causes were identified as likely problems that
prevented self-sustaining smouldering. For Experiment 2, the pilot reactor was filled 2 days before
ignition. This resulted in increased bed compaction (0.70 kg/cm for EXP2 vs 0.47 kg/cm for Exp 1). The
grass clippings contained free moisture. During the 2 day settling period, there was a clear migration
of water through the waste bed, evident by water dripping through the bottom of the reactor. The
higher moisture and increased bed density at the bottom of the pilot created significantly more
challenging conditions for smouldering, resulting in a longer start-up time and unburnt residues after
the experiment. This will be addressed through further testing of the pilot, including guidelines around
loading and operation.
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Figure 19: Temperature histories in the pilot reactor during Experiment 1.1 (21kg grass clippings
at 70% moisture).
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Figure 20: Temperature histories in the pilot reactor during Experiment 1.2 (59 kg waste at 70%
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Figure 21: Ash residues from experiment

7.1.3 Major Challenges — Odor Management

The Stage 1 pilot plant was moderately successful, however experiments identified that bed height
and bed compaction were issues that needed to be managed during operation. Bed management is
only an issue when a porous medium such as sand is not used during smouldering.

The Stage 1 pilot was an open reactor design, initially developed to be combined with a fumehood for
collection and management of combustion off gas. However, when moved to site without a fumehood
odour management became a major issue. Odour management was identified as a major barrier
against progressing smouldering technology in the red meat industry.

7.2 Stage 2 Pilot Plant
7.2.1 Stage 2 Pilot Plant Design

The Stage 2 Smouldering Pilot Plant incorporated an enclosed reactor design, combined with an off-
gas condenser and activated carbon filter for odour management. The upgraded Stage 2 pilot plant
schematic is shown in Figure 22, images of the Stage 2 pilot and components are shown in Figure 23.
The main design components included:

e Reactor: 200-litres steel drum wrapped in fibre glass insulation (R-value=4.0).
¢ Heating element: 5 electric coil heaters of 500W each.
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Air supply: air blower connected to an air diffuser through a hose.

Air flowmeter and pressure sensor located at the air inlet hose.

Temperature sensors: 15 thermocouples (K-type) placed at different heights inside the reactor.
The thermocouples are connected to a Data Logger and PC to record temperature as a function
of time.

Gas treatment system: hood placed atop reactor connected to condenser. Condenser is
composed by a stainless steel coil submerged into cool water. Liquids are collected in a 60L
drum. The gases are treated using activated carbon filters.
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Figure 22: Schematic showing the design of the upgraded Stage 2 pilot plant and its components (Note: Equipment not AMPC funded).
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Figure 23: Images showing the design of the upgraded Stage 2 pilot plant and its components. (Note: Equipment not AMPC funded).
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7.2.1.1 Reactor

The second-generation smouldering pilot reactor is a 200L carbon steel drum. Stainless steel is the
recommended material for a full-scale process, due to enhanced corrosion protection. The differences
between carbon steel and stainless steel will not produce differences in the experiment’s outcomes.
The drum is insulated with a layer of fibre glass (Rockwool®, R-value 4.0) material to avoid heat losses
and protect the equipment operators from the heat.

7.2.1.2 Heating element

Reactor pre-heating is achieved using five 500W electric heaters installed into the reactor base (Figure
24). Electric heaters replace the gas heaters used on the first generation pilot. Electric heaters were
used previously in laboratory scale experiments, and resulted more effective heating compared to the
gas burners. Electric heaters require electrical power, but do not require gas installation, allowing for
faster and simpler pilot installation.

As previously described, the heaters are used to increase the temperature at the bottom of the waste
bed, to a certain temperature (usually between 250 and 450 °C). Once this temperature is reached
(measured with a thermocouple placed at 2 cm from the heating element, the airflow is initiated and
the heating is ceased.

7.2.1.3  Air Supply

Airflow is provided by an air blower connected to an air flow meter, shown previously in Figure 23. The
air enters the smouldering reactor through an air diffuser shown in Figure 24. The air diffuser ensures
uniform airflow along the whole cross-section of the reactor. Uniform airflow is critical to manage the
combustion front and enable successful smouldering.
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Figure 24: Electric heater elements placed at the bottom of the steel drum base. The air diffuser
can be seen below the heating elements. Above the heating elements, there is a grill to avoid
contact of the material with them. A layer of gravel is placed atop the grill. The waste bed lays
over the gravel layer.

7.2.1.4 Temperature sensors

The temperature profile in the smouldering pilot is measured using fourteen K-type thermocouples
(TC) placed vertically at different heights inside a thermowell within the reactor. The thermowell is
located at the centre of the drum (see Figure 5). The thermocouples are connected to a Data Logger
and to a computer to record the temperatures every 20 seconds. The concentration of TCs towards
the bottom of the reactor is to increase the resolution in the combustion zone as the bed waste
compacts as this is consumed. This allows to determine the performance of the experiment online.
The relative position of each one from the bottom of the reactor are detailed in Table 1.

Table 19: Position of the thermocouples in the reactor relative to the bottom of the drum.

Name TC1 TC2 TC3 TC4 TC5 TC6 TC7 TC8 TC9 TC | TC | TC | TC | TC
10 11 12 13 14

Position | 1 2 3 4 5 10 15 20 |25 |30 |40 |50 |60 |70
(cm)

AUSTRALIAN MEAT PROCESSOR CORPORATION @ ampc.com.au

J/



AMPC

L ‘.

. NS TN LY
Figure 25: Thermocouples through the lid of the drum (left) and thermowell (right) used to place
the thermocouples vertically, inside, and in the centre of the reactor.

7.2.1.5 Flue Gas Collection system

The flue-gas collection system is a critical feature of the upgraded pilot plant, designed to capture and
manage odor during smouldering. The collection system included following elements:

e Reactor hood

e Condenser

e Drum for collection of condensables (liquids)
e Activated carbon filter

During operation, steam, moist air and volatile liquids (i.e. oils) from the smouldering process are
collected by the reactor hood and passed through a condenser unit. The condenser unit is a steel coil
submerged in a 200L drum of water (water may be chilled to aid condensation). The condensable liquid
is then collected in a second 200L drum before the remaining air/exhaust gases are passed a gas
cleaning unit. Flue gas is not actively extracted from the reactor headspace and requires airflow from
the blower at the base of the reactor to push air from the headspace, as a result, there is no flow
through the gas collection system during initial reactor heat up.

7.2.2 Stage 2 Pilot Plant Testing

7.2.2.1 Waste used in pilot testing

Paunch solid waste used in Stage 2 pilot testing was again collected from Site A. Characteristics are
shown in Table 20.
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Table 20: Dewatered Paunch used in Stage 2 Pilot Testing

Paunch A
2018
Moisture (%, wet basis) 83
Volatiles (%, dry basis) 72.2
Fixed carbon (%, dry basis) 18.5
Ash (%, dry basis) 9.4
Energy (kJ/g, dry basis) 16.9

7.2.2.2 Experiments

During each test, the pilot was loaded with a mixture of paunch solid waste and sand as described in
Table 21. Paunch was pre-dried to a moisture content of approximately 70% prior to the experiments.
Sand was used in the experiments to provide a larger volume of inert material and therefore reduce
bed collapse during the smouldering process.

Table 21: Mass, initial grass bed height and results of the experiments performed

Experiment | Mass (kg) Moisture Content (%) Sand (kg) Initial grass bed height (cm)
2.1 10 70 20 52
2.2 10 70 52

The temperature histories for Experiment 2.1 and Experiment 2.2 are shown in Figure 26 and Figure
27 respectively. Neither experiment was completed successfully, partly due to some equipment issues
and the presence of excess odor. The activated carbon filters did not completely remove odor and this
was seen as a major barrier to completing experiments and progressing onsite technology
development.
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Figure 26: Temperature histories in the Stage 2 pilot reactor during Experiment 2.1 (10 kg waste
at 70% moisture and 20kg sand)
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Figure 27: Temperature histories in the Stage 2 pilot reactor during Experiment 2.2 (10 kg waste
at 70% moisture and 20kg sand)
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7.2.3 Major Challenges

Water Condensation and Quenching

Large-scale batch experiments using the Stage 2 pilot plant were not successful. During testing, the
pilot was loaded with a mixture of paunch and sand. During start-up heat was applied using the electric
heating elements, during this initial heating phase, there was significant evaporation from the waste
bed. There was no airflow during this period and the evaporated water re-condensed on the rector
hood. The condensed water dripped back onto the surface of the waste bed, significantly increasing
the moisture content of this zone, as a result of the high moisture content in the upper region of the
bed, the smouldering experiments had problems with quenching and complete self-sustaining
smouldering was not achieved.

The evaporation and condensation of water during start up may be addressed through further
development of the reactor design, such as the inclusion of an extraction fan in the reactor headspace
to operate during the initial heating phase.

Odor Management

Odor management remains a major hurdle for onsite application of smouldering technology at RMP.
The Stage 2 pilot plant trialed a series of activated carbon filters, these filters reduced odor, however
odour was not eliminated and was identified by the project team as a major operation risk that needed
to be resolved before further development and testing of smouldering technology.

7.3 Further Development Required

Odor management is the most significant barrier to progressing smouldering technology onsite at red
meat processing plants. The flue gas and odor management system needs to robust, comprehensive
and able to treat and deal with different solid wastes containing different organic components,
different metals contaminants/pollutants and different moisture contents.

Development and testing of odor management technology is beyond the scope of this project, and
detailed analysis of flue gas composition and quality has not been completed. However, Table 22
provides an overview of pollutants and concentrations that may be expected within the flue gas. The
values provided below are conservative numbers and are not based on detailed experimental work
from the current project.
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Table 22: Pollutants, expected levels in the flue gas and required effluent quality (Environmental
Protection Air Policy 2009, Queensland Government)

Maximum expected Required effluent quality .
Pollutant Units
pollutant levels flue gas
PM (less than 10 microns) 11,000 50 (24h) ug/m?3
] 25 (24h)
PM (less than 2.5 microns) 50,000 ug/m?3
8 (1ly)
Total Hydrocarbons 1.8 0.3 (1y) ng/sm3 (Dry)
250 (1h)
NO,® No accurate data available mg/m3
33 (1y)
570 (1h)
SO, P No accurate data available 230 (24h) ug/m?
57 (1y)
co? Up to 5% (62.5g/m?3) 11 (8h) mg/m?3
VOCs?) See appendix NA
Dioxins and furans 2 0.577 ng/m3
125 ng/sm?3 (Dry)
Dioxin-like PCBs 0.033 ng/m3
Acids 9 25 NA mg/m3
Aldehydes © 15 NA mg/m3
Benzene? See appendix 10 (1y) ug/m?
4.1(24h)
Toluene? See appendix mg/m?3
410 (1y)
N Y S i 1.2 (24h) s
enes ee appendix mg/m
Y PP 0.95 (1y) &
0.27 (1y)
Tetrachloroethylene ? See appendix . mg/m?3
8.6 (30min)
st 2 s gi 280 (1w) T
rene ee appendix m
y PP 75 (30min) He
a) Emissions data obtained during batch testing of sludge smouldering at the University of Ontario (data provided
by Geosyntec)

b) There is no accurate data available on the NOx and SOx emission during smouldering combustion of
paunch/sludge. For the design criteria, it should be assumed that the formation potential of these compounds is
equal to conventional incineration of sludge.

c) Emissions of other species are estimated based on a review document (Int J. Wildland Fire (2018), 27, 293-
312), considering the highest concentrations.

d) The CO levels are estimated from laboratory data.

Detailed assessments of the flue gas emissions from smouldering combustion are required to design
an appropriate and robust odor management process. However, Table 23 provides a summary of key
pollutants and typical treatment strategies, preferred treatment options are highlighted in bold. A
potential flue gas treatment process combining the selected treatment steps is summarized in Figure
28.
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Table 23: Summary of Pollutants during smouldering combustion and typical treatment

technologies

Pollutant Potential mitigation, levels and comments Anticipated treatment
1. PM Not expected, or minor quantities Cyclones
Bag filters
2. Heavy Associated with PM. Reduced if WWTP sludge with minimal | Cyclones
Metals tofh tal
amount of heavy metals Bag filters
ESP for Hg
3. CO Some control with operation parameters, mainly airflow rate | Afterburner
4. VOCs Some control adjusting smouldering temperature AC Filter
Afterburner
5. NOx Reduced formation due to low temperatures. Reduced if | Wet scrubber
WWTP sludge with minimal N concentration. High air excess .
) ) o Reducing agents
during smouldering for reduced emissions
6. SO2 Reduced if WWTP sludge with minimal S concentration Wet scrubbers
7. Dioxins and | Expected only those present originally in sludge as | AC Filter
furans temperatures in flue gas are not enough for PCDD/Fs
formation
8. Odours Expected. Concentrations are a function of the amount of | AC Filter
waste treated. Afterburner
Scrubber

[ - ]
Afterburner Set Bag filter ——» ACF
Scrubber

Figure 28: Schematic representation of the gas emission control system for the flue gas from
smouldering combustion of WWTP sludge

The proposed gas treatment train contains an afterburner placed straight after the smouldering
reactor to remove the CO, VOCs and odours. The afterburner also has the potential to decompose

PDDC/Fs, if these are present in the waste. In addition, there is no necessity of pre-treatment or cooling
down the temperature of the flue gas as the afterburner occurs at high temperatures.

A wet scrubber is proposed to reduce the temperature of the gases and capture NOx and SO,. Due to
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the mechanism of the scrubber, which acts as a “shower” for the gases, some particulate matter and
heavy metals can be also retained in the precipitate, while some odours can be dissolved in the liquid.

After the scrubber, a bag filter can be used to retain any solid particles (PM) that remain in the flue
gas. Only very fine PM may be present at this stage, and in low quantities, and therefore a simple and
non-expensive bag filter will suffice. Finally, if any VOCs, PCCD/Fs or odours are present after the
afterburner, these will be removed in the activated carbon filter placed at the very end of the gas
treatment system.

In addition to the gas treatment system proposed here, process operating conditions can also be tuned
to manage flue gas composition. For example, the levels CO and VOCs can be minimized using excess
airflow. However, this increased airflow can lead to increased combustion temperatures, leading to
more NOx and SO, formation. Some temperature control can be achieved by manipulating the sand-
waste ratio and by pre-drying or changing the upstream dewatering operations. Lower smouldering
temperatures can reduce the production of “thermal NOx”. However, as paunch contains a significant
nitrogen concentration, some levels of “fuel NOx” are expected. The levels of SO, will depend on the
sulphur content in the waste, so SO, may be expected in the flue gas.

8 PRELIMINARY COST BENEFIT ANALYSIS

Preliminary cost-benefit analysis for smouldering is based on a technology leasing model. The
operating costs for processing paunch waste are $8-18/wet ton and include the costs of leasing the
smouldering equipment. This cost data was provided by Geosyntec. Analysis was conducted
considering average paunch disposal costs of $10/wet ton, $20/wet ton $50/wet ton. The analysis
shows that the benefits of smouldering are highly dependant on current paunch disposal costs. At the
current cost of $10/ton, smouldering is cost neutral or negative. However, for paunch disposal costs
at $50/ton, the cost benefit of smouldering exceeds $300,000 per year for a plant processing 1,500
head per day (250 processing days per year). Savings are largely due to removal of the high moisture
content and the high organic fraction during the smouldering process and extremely effective volume
reduction. Operating costs do not include the gas treatment processes, which may substantially change
the result.
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Table 24: Cost-benefit analysis based on preliminary results for a slaughterhouse processing
1,500 head per day (cost of paunch disposal $10/wet ton, paunch production of 7kg dry/head).

Conventional paunch .

Parameter Smouldering approach
management

Waste Production
Daily paunch production (ton ds/day) 10 10
Dry solids content (wt%) 25 25
Organic content dewatered paunch (% TS) 85 85
Daily paunch production (wet ton/day) 40 40
Treatment Costs
OPEX smouldering reactor (S/dry ton) n.a. $35-70%
OPEX smouldering reactor (S/wet ton) n.a. $8-182
OPEX smouldering reactor (S/year) n.a. $87,500-$175,000
Final Disposal Costs
Solid Waste for disposal (wet ton/day) 40 1.5
Paunch disposal costs (S/wet ton) $10 $10
Paunch disposal costs (S/year) $100,000 $3,750
Net benefit ($/year) $-80,000 to $10,000

3 OPEX is based on data full-scale smouldering reactor for remediation of tar-contaminated soil. This is a
conservative cost estimate and includes leasing of smouldering equipment, with further cost reductions

expected to be achievable.

b Additional economic benefits arising from targeted nutrient recovery not taken into account.

Table 25: Cost-benefit analysis based on preliminary results for a slaughterhouse processing

1,500 head per day (cost of paunch disposal $20/wet ton, paunch production of 7kg dry/head).

Conventional paunch X

Parameter Smouldering approach
management

Waste Production
Daily paunch production (ton ds/day) 10 10
Dry solids content (wt%) 25 25
Organic content dewatered paunch (% TS) 85 85
Daily paunch production (wet ton/day) 40 40
Treatment Costs
OPEX smouldering reactor (S/dry ton) n.a. $35-70%
OPEX smouldering reactor (S/wet ton) n.a. $8-182
OPEX smouldering reactor (S/year) n.a. $87,500-5175,000
Final Disposal Costs
Solid Waste for disposal (wet ton/day) 40 1.5
Paunch disposal costs (S/wet ton) S20 $20
Paunch disposal costs (S/year) $200,000 $7,500
Net benefit ($/year) $20,000-$100,000

3 OPEX is based on data full-scale smouldering reactor for remediation of tar-contaminated soil. This is a
conservative cost estimate and includes leasing of smouldering equipment, with further cost reductions

expected to be achievable.

b Additional economic benefits arising from targeted nutrient recovery not taken into account.
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Table 26: Cost-benefit analysis based on preliminary results for a slaughterhouse processing
1,500 head per day (cost of paunch disposal $50/wet ton, paunch production of 7kg dry/head).

Conventional paunch .
Parameter Smouldering approach
management

Waste Production

Daily paunch production (ton ds/day) 10 10
Dry solids content (wt%) 25 25
Organic content dewatered paunch (% TS) 85 85
Daily paunch production (wet ton/day) 40 40
Treatment Costs

OPEX smouldering reactor (S/dry ton) n.a. $35-70%
OPEX smouldering reactor (S/wet ton) n.a. $8-182
OPEX smouldering reactor (S/year) n.a. $87,500-$175,000
Final Disposal Costs

Solid Waste for disposal (wet ton/day) 40 1.5
Paunch disposal costs (S/wet ton) $50 S50
Paunch disposal costs (S/year) $500,000 $18,750
Net benefit ($/year) $300,000-400,000%

3 OPEX is based on data full-scale smouldering reactor for remediation of tar-contaminated soil. This is a
conservative cost estimate and includes leasing of smouldering equipment, with further cost reductions
expected to be achievable.

b Additional economic benefits arising from targeted nutrient recovery not taken into account.

9 CONCLUSIONS/ RECOMMENDATIONS

Smouldering combustion has emerged as an alternative treatment option for organic solid wastes with
high moisture contents (80-85% wt), with some success in similar applications from other industries.
Technology reviews suggest that smouldering is suitable for application for all solid organic wastes
produced at RMP. Smouldering may be applied as a stand-alone technology with the capacity to reduce
1 ton of dewatered meat processing solid organic waste (moisture content 75-80% wt and organic
solids at 90% of dry matter) to approximately 20-30 kg of ash, without the need for external fuel or
heat input. Importantly, smouldering can be applied to these wastes directly, or after application of
energy recovery technologies such as Anaerobic Digestion. The use of anaerobic digestion as a
smouldering pre-treatment will not impact the final solids for disposal, however AD may improve
paunch dewatering and facilitate energy recovery in the order of 8GJ/dry ton paunch.

Proof-of-concept testing has been conducted at laboratory scale, with the following outcomes:

e Self-sustaining smouldering of paunch can be achieved without the addition of a porous
sand medium, this may reduce the complexity of plant design and operation (i.e. no
required to mix paunch and sand before smouldering and no requirement to separate ash
and sand after smouldering.

e Results showed that the limits for moisture content and air flowrate are 75% and 1 cm/s,
respectively. This result demonstrates that smouldering could be applied to many RMP
using paunch processing with currently used dewatering technologies, no addition pre-
drying is required. Small scale laboratory experiments are less efficient than large scale
reactors, therefore these results are expected to be conservative and further
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improvements are expected.

e The maximum smouldering temperature increases when the moisture content is
decreased, reaching over 1000°C at 65% moisture. However, the destruction rate
decreases. Higher temperatures may increase the risk of NOx in the flue gas.

e The maximum smouldering temperature increases in a near linear relationship when air
flowrate increases. However, the impact on the temperature can be neglected.

Scale-up and batch field experiments conducted during the project were less successful. Early pilot
experiments were completed successfully and demonstrated self-sustaining smouldering could be
achieved, however odor was identified as a critical issue during these initial tests and the pilot was
redesigned prior to further field-testing. Experiments in an upgraded pilot plant, with a hooded design
to capture flue-gas for odor management, were not successful. The hooded reactor design can result
in re-condensation of evaporated water within the reactor, and subsequent quenching of the
smouldering combustion. This re-condensation occurs during the initial heat up period and would not
be a major issue once a continuous processes was established, however this remains a design flaw to
be addressed.

The hooded reactor used a condenser to capture water, stream and condensable liquids produced
during the smouldering process, combined with an activated carbon filter to reduce odor. The
activated carbon filter was not successful and odor management remains a significant barrier to
progressing smouldering technology onsite at red meat processing plants.
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11 APPENDIX

Table 27 Technology readiness level (adapted from NASA and the European Commission)

TRL Description
9 Market competition / widespread application
8 Multiple commercial applications
7 Technology integrated at full-scale
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6 Technology demonstrated in operational environment
5 Technology validated at demonstration scale

4 Technology validated at pilot-scale

3 Technology validated in the lab

2 Concept formulated and experimental proof

1 Basic technology research
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