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Abstract

Waste biomass treatment is a globally urgent matter which highly relates to environmental quality
and human health. Here, a flexible suite of smouldering-based waste biomass processing technologies
is developed and four processing strategies: (a) full smouldering, (b) partial smouldering, (c) full
smouldering with a flame, and (d) partial smouldering with a flame, are proposed. The gaseous, liquid,
and solid products of each strategy are quantified under various airflow rates. Then, a multi-criteria
analysis in terms of environmental impact, carbon sequestration, waste removal efficiency, and by-
product value is performed. The results show that full smouldering achieves the highest removal
efficiency but generates significant greenhouse and toxic gases. Partial smouldering effectively
generates stable biochar, sequesters over 30% carbon, and therefore reduces the greenhouse gases to
the atmosphere. By applying a self-sustained flame, the toxic gases are significantly reduced to clean
smouldering emissions. Finally, the process of partial smouldering with a flame is recommended to
process the waste biomass that can sequester more carbon as biochar, minimize carbon emissions and
mitigate the pollution. And the process of full smouldering with a flame is preferred to maximally
reduce the waste volume with minimum environmental impact. This work enriches strategies for carbon
sequestration and environmentally friendly waste biomass processing technologies.
Keywords: waste biomass removal; smouldering combustion; carbon sequestration; biochar;

greenhouse gases

1. Introduction

With the growth of population and economy, the quantity of municipal solid waste (MSW)
generated has increased significantly over the last decades, which endangers the environment and
contributes to climate change. Waste biomass is a significant component of MSW, which typically
includes kitchen waste, wood waste, grass clippings, paper waste, etc. At present, landfilling, biological
conversion (composting, anaerobic digestion, fermentation), and thermochemical treatment (pyrolysis,

liquefaction, gasification, combustion) are the main ways of biowaste disposal (Basu, 2010; Lohri et al.,
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2017). Often, landfilling and incineration are still very common in many countries as they are the easiest
and cheapest ways (Assamoi and Lawryshyn, 2012). For example, Australia deposited nearly 50% of
the core organic solid waste in landfill in 2020 (Department of Agriculture, 2020). Landfilling releases
large amount of greenhouse gases (GHG) (IPCC, 2006), of which CH4 (a more potent GHG than CO,)
can reach almost 60 % and accounts for 10-15 % of the global anthropogenic CH4 emissions (Gémez-
Sanabria et al., 2022). Combustion (or burning/incineration) is most effective in the volume reduction
of waste and can produce substantial heat for energy recovery (Lu et al., 2017). However, it releases
large quantities of CO, particulate matters (PM), and air pollutants (especially the dioxins) (Lin et al.,
2018; Ravindra et al., 2019). According to EEA report (European Environment Agency, 2015), 150
Tglyr of CO; eq were emitted from MSW incineration in 2015 Therefore, nowadays, effective and
environmentally friendly treatment facilities to cope with the large quantities of biowaste are still in
absence, posing a globally big challenge to mankind.

Smouldering is an emerging method for organic solid waste removal, especially for those with high
moisture content, like the biowaste. Smouldering is slow, low-temperature and flameless burning of
porous fuels (Ohlemiller, 1991; Rein, 2014) which often occurs on the burning of charring materials,
such as wood (Tissari et al., 2008), coal (Wu et al., 2015), and peat (Huang and Rein, 2016a). Different
from flaming combustion, smouldering occurs when oxygen directly attack the hot surface of reactive
porous media (Ohlemiller, 1991; Rein, 2014). Generally, the characteristic temperature (500-800°C)
and heat of combustion (~10 MJ/kg) of smouldering are smaller than those of a flame (Rein, 2014), and
it can be easily initiated by a relatively small amount of energy and sustain the process in extreme

conditions such as poor oxygen supply (~12 % O,) and large fuel moisture content (MC) (>100%)

(Huang and Rein, 2016a). The overall smouldering combustion process can be approximated as two
lumped chemical pathways, namely pyrolysis and char oxidation, as described in Eq. (1-2) (Huang and
Rein, 2016b). Pyrolysis generates flammable pyrolyzates and char,

Fuel (s) + Heat — Pyrolyzates (g) + Char (s) [pyrolysis] (1)
where both can be further oxidized. The heterogeneous char oxidation leads to smouldering as
Char (s) + O, — Heat + CO, + H,O + other gases + Ash (s) [smouldering] (2a)

The homogeneous gas-phase oxidation of pyrolyzates results in a flame as

fl
Pyrolyzates (g) + O, = Heat + CO, + H,O + other gases [flaming] (2b)

Over the past few decades, many existing investigations and practices have revealed the ability of
smouldering to remove organic wastes like bioliquid, faeces (Fabris et al., 2017; Yermén et al., 2015),
wastewater sludges (Feng et al., 2021), and food wastes (Song et al., 2023, 2022). Such a method

demonstrates many attractive advantages, like a safer operation process, minimising pre-treatments
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(e.g., drying and grinding) (Rashwan et al., 2016; Yerman et al., 2015), the applicability for wastes with
high moisture contents (MC), and minimum extra energy input.

In addition, smouldering also shows strong potential as a green waste-to-energy technology, which
has been applied to produce biochar (Rashwan et al., 2021; Rein, 2008) and bio-oil (Feng et al., 2022;
Yerman et al., 2017). This is because a smouldering front contains pyrolysis reaction (Eqg. (1)), and
pyrolysis is an endothermic process that has been widely used to convert biomass feedstock into biochar
(solid), bio-oil (liquid), and bio-gas (Babu, 2008; Demirbas and Arin, 2002; Wang et al., 2010). Biochar
has potential usage in a wide field and is suitable for carbon sequestration due to its resistance to
chemical and biological decomposition. Converting biomass to biochar avoids the complete return of
greenhouse gases (GHG) to the atmosphere, compared to natural decay or burning processes (Lee et al.,
2020; Woolf et al., 2010). However, the traditional pyrolysis technology usually requires additional
energy to keep the high temperature (typically >300°C). In comparison, pyrolysis in smouldering
process can be sustained by the heat generated from the weak oxidation of original fuel, thus requires
no external energy or fuel gas. This feature makes smouldering a more energy-efficient way to
transform waste to energy than pyrolysis and suitable for on-site applications.

However, as an incomplete burning process, smouldering tends to release many toxic emissions,
like CO, CH4, NOy, volatile organic compounds (VOCs) and particulate matters (PM) (Hu et al., 2018;
Raza et al., 2023), posing severe threats to human health and the environment. This limits its further
promotion and application in waste management. Considering there are still substantial flammable
hydrocarbons and CO in smouldering emissions, we intend to use a flame to clean the smouldering
emissions by converting most of the flammable and pollutant species into H.O and CO.. A flame (or
flare) is a common method of disposal of unwanted waste gases in oil and gas industries (Akeredolu
and Sonibare, 1998). Generally, it is often used to burn off the C1-C6 hydrocarbons and hydrogen
sulfide from the upstream and downstream of oil industry (Gai et al., 2020). Besides, it has also been
utilized to remove the landfill gases and biogases (mainly CH.) in landfill management (Environmental
Protection Agency, 1997). Sometimes, auxiliary fuel must be introduced to support the flame if the
waste gas does not meet the minimum heating value (Environmental Protection Agency, 1995). More
importantly, it has been reported that if operated properly, the combustion efficiency of the flare could
reach 99%, eliminating most of the flammable waste gas (Gai et al., 2020; Pohl et al., 1986).

Our previous research established a novel combustion method for biowaste disposal by using a self-
sustained flame (without additional fuels or heat) to purify the emissions from biowaste smouldering
under an appropriate air supply (Chen et al., 2022a, 2022c, 2022b). After being ignited from the top
surface of the fuel bed, a two-stage smouldering process was observed under an upward airflow, as
illustrated in Fig. 1. The 1% stage is opposed smouldering (the front spreads downward), leaving

abundant biochar. The 2" stage is forward smouldering (the front spreads upwards), which burns all
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the char and leaves little ash. More importantly, it was found that the flame could only be piloted and

sustained in the 1% stage because of the intensive pyrolysis in this stage.

Gravel

Ash”_

Gravel

Char

Smouldering- b
front
front

Virgin Fuel

ey

Airflow Airflow

1st smouldering stage 2" smouldering stage

Fig. 1. The two-stage smouldering process with a flame sustained by the emissions from the 1% stage opposed

smouldering.

Therefore, based on the two-stage smouldering process, this paper further develops a flexible suite
of smouldering waste biomass processing technologies and proposes four different processing strategies.
Each strategy is conducted with the wood waste under various airflow rates (6-18 mm/s). The carbon
balance of each process is analysed after quantifying their gaseous, liquid, and solid products. A multi-
criteria decision analysis based on PROMETHEE-GAIA algorithm is made in terms of their

environmental impact, carbon sequestration, waste removal efficiency, and product value.

2. Materials and Methods
2.1 Wood waste sample

Wood (or yard) waste is a common waste biomass all over the world. For example, Hong Kong
annually produces about 40,000 tonnes of wood wastes that are directly sent to landfills, bringing a
huge burden to the limited land resources, and generating large amounts of GHG. Same as our previous
work (Chen et al., 2022a, 2022b), the wood waste was chosen in this experiment (Fig. 2), provided by
a local company (ECO-Greentech Ltd.). The particle size of the wood chips ranges from 20 mm to 30
mm, with an average of 25 mm. The dry bulk density, solid density, and porosity were measured to be

210 + 10 kg/m?3, 600 + 20 kg/m?, and 0.65, respectively. The element analysis of wood waste sample
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shows 47.7, 6.3, 45.4, and 0.5 % mass fractions for C, H, O, and N, respectively. And the proximate

analysis shows 78.4, 17.0, and 4.6 % mass fraction for volatile, fixed carbon, and ash, respectively.
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Fig. 2. Experimental setup for (a) emission test and (b) direct condensing.
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Before the test, the raw wood chips were thoroughly dried in an oven at 90 °C for 48 h, and their
moisture contents were measured to be <8% on a dry basis when reaching a new equilibrium with
ambient moisture. Thermal analysis for the wood samples was conducted with a PerkinEImer STA 6000,
and the results are same as our previous work (Chen et al., 2022a).

2.2 Experimental setup

The wood waste was burnt in an open-top cylindrical reactor with a depth of 20 cm and an internal
diameter of 14 cm (Fig. 2). More detailed information about the burner could be found in our previous
work (Chen et al., 2022c). For each test, a wood waste sample with a controlled mass of 410 + 5 g was
fed into the reactor at a constant height of 15 cm. An array of eight K-type thermocouples were inserted
into the fuel along the axis from 0 cm (bottom) to 14 cm (top) with an interval of 2 cm to monitor the
temperature and trace the position of the smouldering front. A lighter was used to initiate the
smouldering of the wood waste and ignite the smouldering emissions after the smouldering ignition. A
forced airflow was supplied from the bottom end of the reactor and the airflow rate was controlled by a

flow meter. A fume hood was located directly above the reactor to collect and transport all the emissions.

2.3 Processing strategies and experimental procedure
As shown in Fig. 3, four processing strategies are proposed and can be achieved by ceasing the

smouldering process at different stages.
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(@) Full smouldering (F-SM) includes the 1%-stage opposed propagation (strong pyrolysis and weak
char oxidation) and the 2"-stage forward propagation (strong char oxidation).

(b) Partial smouldering (P-SM) includes the 1%-stage opposed propagation (strong pyrolysis and
weak char oxidation) only, after which smouldering is quenched with biochar left.

(c) Full smouldering plus flaming (F-SM+FL) upgrades the F-SM by applying a self-sustained
flame to purity the smouldering emissions during the 1% stage. No bio-oil is generated from the
F-SM+FL.

(d) Partial smouldering plus flaming (P-SM+FL) also upgrades the P-SM by applying a self-
sustained flame to purity the smouldering emissions. No bio-oil is generated, but biochar is left.

(a) Full Smouldering (F-SM) (b) Partial Smouldering (P-SM)
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Fig. 3. Different strategies for the waste biomass smouldering process.

Initially, a lighter was used to initiate the smouldering combustion from the top surface of the fuel
bed, and the ignition time was fixed for three minutes for each experiment. After successful smouldering
ignition, a forced airflow was supplied from the bottom of the reactor, and the airflow rate was
controlled by a flow meter. To control the airflow rate to smouldering front, we used airflow velocities
(w) from 6 mm/s to 18 mm/s, where the emissions from wood waste smouldering could be ignited as a
self-sustained flame, as verified in the previous experiments (Chen et al., 2022c).

To achieve different processing strategies, experimental procedure differs from each other. For the
full-smouldering (F-SM), smouldering was sustained until the wood waste was completely converted
into a small amount of ash after two stages. For the partial-smouldering (P-SM), smouldering was
ceased after the 1% stage (when the last TC (0 cm) reached its first peak, or when the flame disappeared,
and the smoke became clearly less) by supplying sufficient N, from the bottom. The whole process
lasted until all TCs dropped to the room temperature, leaving abundant biochar in the reactor.

Furthermore, for the processes with a flame (F-SM+FL and P-SM+FL), the smouldering emissions
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were ignited using the lighter in the 1% stage. For the processes without a flame (F-SM and P-SM), the
smouldering emissions from 1% stage were condensed via the condenser shown in Fig. 2b.

All products (gas emissions, condensed liquid, and solid residual) from each experiment were
further analyzed. And for each case, at least two repeating tests were carried out to ensure the

repeatability of the experiments.

2.4 Product analysis
2.4.1 Gas products

To quantify the emissions from different smouldering-driven processing strategies, a gas collection
and measurement system was built, as shown in Fig. 2a. The emissions were entirely collected using a
fume extraction hood located above the reactor. Three measuring points were designed in the centreline
of the hood duct. The flow rate in the test point was measured by an anemometer (Testo 405i), which
was constant at 0.038 + 0.002 m®/s during the tests. Two major carbon-containing gas species were
measured using portable gas analysers after the particulate matter was removed via a quartz filter.
Specifically, carbon dioxide (CO,) was measured by SKY6000-M2 Gas Analyzer and carbon monoxide
(CO) was measured by Testo 300. Meanwhile, the emissions were also collected using a 10-L gas bag
every 10 minutes to quantify the hydrocarbons (C«xHy(g)) using Gas Chromatography Plus Flame
lonization Detection (GC-FID).
2.4.2 Liquid products

As a pyrolysis-dominant process, significant liquid (called bio-oil) including the condensable
organic compounds (tar) and water is generated from the 1% downward-propagation stage (Neves et al.,
2011). Thus, a condensation system was built to quantify the liquid product from the 1% stage, as shown
in Fig. 2b. The pyrolysis emission from the opposed propagation was collected via a hood entirely
covering the top outlet of the burner. Then, the vapour was passed through a long pipe and finally
condensed in the ice-cooled trappers. The mass of the bio-oil produced was obtained by weighing the
trappers.
2.4.3 Solid products

After each experiment (when all TCs drop to room temperature), the total solid residue was
collected, and its mass was measured via an electrical balance. To quantify the carbon content and
stability of the solid residue, all solid samples were further analysed by elemental and thermal analysis.
Before analysis, all samples were milled to a homogenous fine powder and dried at 90 °C for 48 h.

Elemental analysis was carried out using PerkinElmer Elemental Analyzer. Moreover, for all
biochar samples, H:C and O:C molar ratios were calculated and plotted on a van Krevelen diagram to
estimate their stability, where H:C is an indicator of the condensation degree and O:C reflects the

oxidation degree (Santin et al., 2020).
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Moreover, thermal analysis of biochar was conducted with a PerkinEImer STA 6000 Simultaneous
Thermal Analyzer in an air atmosphere at a heating rate of 15 K/min. The recalcitrance index Rso,
another important parameter to evaluate the char stability, was calculated from the TG results as
(Harvey et al., 2012):

Rgo = Tso,char/ TSO,graphite (3)

where Tsg cnqr 1S the temperature value at which 50% of the mass of the char sample is lost, and

Tso,graphite 1S the temperature value at which 50% of the total mass of graphite is lost, which is given

as 823 °C (Harvey et al., 2012). The recalcitrance/carbon sequestration potential of the studied material

can be classified as Class A: Rsp<0.50; Class B: 0.50<R50<0.70; Class C: Rs¢>0.70, where higher Rs,
represents better carbon sequestration potential (Harvey et al., 2012).

2.5 Carbon balance calculations
The carbon balance of each strategy calculated in this study includes the total carbon in permanent
gaseous emissions, solid residues, and liquid products (tar). For each smouldering-driven processing
strategy, 410 g of wood waste with the carbon content ( X ) of 47.7 % is provided. Thus, the total
carbon of the fuel (m r) is:
mep =mp- Xep = 410 X 47.7% = 195.6 g (4)
The carbon from the gaseous emissions (m( ) is defined as a sum of the carbon content in the major
gas species as
mee = Xjm; - X j (®)
where m; is the mass of gas species j (g), X¢,; is the carbon molar mass fraction in species j (%), and
subscript j indicates the major carbon-containing gases, e.g., CO,, CO, CHa4, C;H4, and C;Hs. The gas
mass can be calculated as
m; = [} p;[j](©)V x 1073 (6)
where p; is the density of species j calculated based on the assumptions of the ideal gas law (kg/m?),
[/1(t) is the real-time concentration of the species j (ppm) (subtracting species’ background
concentration), V is the volume flow rate in the duct (m%min), and t is the total processing time (min).
A representative concentration evolution of the gas species is shown in Fig. S3 in Supplemental files.
The carbon from the solid residue (m( ) is calculated as
mes = ms - Xcs 7
where mg is the mass of the solid residue (g), which is directly measured via a balance after the
smouldering process, X s is the mass fraction of carbon content of the burnt residue (%), which is
determined via the elemental analysis.

The carbon inside the liquid product tar (m. r) is calculated as
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mer =mr - Xer = (M, —my) - Xer )
where my is the mass of the tar (g), m,, is the mass of the condensed liquid (g) and my, is the mass of
the condensed water (g), X¢ r is the carbon mass fraction of the tar (%). In this paper, the average value
of my, is about 30 % m,, (Xiu and Shahbazi, 2012). X 1 is estimated from its relationship with X ¢
according to previous research (Neves et al., 2011), where X r=1.14X. . As aresult, X r is calculated
as 54.4 % here.

2.6 PROMETHEE-GAIA algorithm

Preference Ranking Organization Method for Enrichment Evaluations and Geometrical Analysis
for Interactive Aid (PROMETHEE-GAIA is) a kind of multicriteria decision analysis (MCDA)
algorithm and has been proved to be a useful approach in environmental applications (Behzadian et al.,
2010; Surawski et al., 2013). It facilitates a rational decision-making process, which is achieved by
virtue of a decision vector that directs the decision maker toward “preferred” solutions (Brans and
Mareschal, 1994). A description on the principle of PROMETHEE-GAIA algorithm is provided in the
Supplemental files.

This study applies the PROMETHEE-GAIA algorithm to the proposed four processing strategies
under five different airflow velocities (totally 20 conditions) to decide the most preferred condition
(alternative) for achieving different goals by considering seven criteria. A full listing of the
abbreviations used for alternatives and criteria, along with information on how each criterion is treated
by the PROMETHEE-GAIA algorithm is provided in Table S3-S6.

3. Results and Discussion

3.1 Smouldering temperature

Fig. 4 exhibits the smouldering temperatures of the full smouldering process and the partial
smouldering process at a representative airflow velocity of 14 mm/s. It should be noted that the flame
and the smouldering are separated by a gravel layer, so the flame above will not affect the smouldering
temperatures. As expected, there are two separate characteristic peaks in Fig. 4a which correspond to
the two-stage propagation of full smouldering process. The peak temperature of the 1% stage (Tmax1) is
generally lower than that of the 2™ stage (Tmax2) because the endothermic fuel pyrolysis dominates in
the 1% stage while the exothermic char oxidation dominates the 2" stage. Comparatively, for the partial
smouldering process, there is only one peak in Fig. 4b of which the value is the same as Tmaxa in Fig.
4a. Once the bottom thermocouple (0 cm) reached its maximum, the air supply was replaced by the
pure nitrogen (N2). Afterwards, the smouldering temperature starts to decline to room temperature under
the cooling effect of the supplied N2. The summary of Tmax: and Tmaxe Under various airflow velocities
is shown in Fig. S4. In general, Tmaxz IS larger than Tmax, and both Tmax: and Tmaxe increase with the

increased airflow velocity because of stronger char oxidation.
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Fig. 4. Smouldering temperature evolution of (a) full smouldering process and (b) partial smouldering process at

u=14 mm/s.

3.2 Carbon distribution

Different processing strategies will cause a considerable distinction in the carbon distribution in
different by-products (gas, liquid, and solid), thus leading to different environmental impacts. The
carbon balance of each strategy is calculated according to the method presented above. As a result, the
by-products yields and corresponding carbon distributions are illustrated in Table S1.

Fig. 5 shows the mass fraction of carbon (Y, %) in the gas, liquid, and solid products from different
strategies. Here, Y5 (carbon difference) for all the tests are lower than 20%, which is acceptable for
carbon balance research (Dufour et al., 2009). As exhibited in Fig. 5a, after the full smouldering process
(F-SM), about 70 % of the carbon is distributed into the gaseous product, with about 20% into the liquid
product and less than 5% into the solid residue (ash). This means that most of the carbon is released
into the atmosphere after F-SM, which can be a detriment in view of its effect of accelerating global
warming. Further, if a flame is applied (Fig. 5c), the carbon in gas will increase to over 90% because
tar is mostly consumed by the flame, and its carbon distribution is insensitive to the airflow velocity
within the tested range.

Regarding the partial smouldering, Fig. 5(b, d) show that over 30% carbon is fixed in the solid
residue (biochar), and this carbon fraction decreases with the increased airflow velocity. In contrast, the
carbon in the gaseous products from partial smouldering increases with the airflow velocity.
Specifically, as the airflow velocity increases from 6 mm/s to 8 mm/s, the carbon fraction in gas from
P-SM and P-SM+FL increases from 16 % and 21 % to 34 % and 49 %, respectively. This is because a
larger airflow velocity strengthens the oxidation process existing in the 1% stage, and more heat is
released to decompose more organic material into volatile matters through pyrolysis. In addition, only
processes without flame can generate liquid (mainly water and condensable organic compounds), and

the carbon fraction in liquid increases with the airflow velocity.

10
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Fig. 5. Carbon fraction in gas, liquid, and solid products under various airflow velocities for four different
strategies, (a) full smouldering (F-SM), (b) partial smouldering (P-SM), (c) full smouldering plus flame (F-
SM+FL), and (d) partial smouldering plus flame (P-SM+FL).

In a short summary, such a thermochemical conversion process has significant effects on carbon
partitioning in the products. Full smouldering will release much more carbon into the atmosphere, while
partial smouldering can effectively generate biochar and achieve carbon sequestration. Therefore, by
regulating the processing strategies and controlling the supplied airflow, different objectives can be
achieved. Besides the distribution of carbon in different forms of products, the properties of the products
are also very important as their characteristics determine their environmental impacts and their potential
usage (Lehmann et al., 2021). Therefore, a detailed discussion of the properties of the products from
each processing strategy is given in the following sections with a focus on the gaseous and solid
products.

3.3 Gas-phase emissions characteristics

In this work, five major carbon-containing gas species are measured, that is, carbon dioxide (CO>),
carbon monoxide (CO), methane (CH,), ethylene (CzH.), and ethane (C2Hs). Among these gases, CO>
and CHjy4 are well-known greenhouse gases (GHG), which contribute significantly to global warming
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(Wang et al., 2014). CO is the second main compound emitted from any combustion process of biomass,
which is toxic and may cause poisoning deaths in humans (Manisalidis et al., 2020). In terms of the
gaseous hydrocarbons (CxHy(g)), the mass of CHys is the largest, while the masses of C.H, and C;Hg are
much less and similar.

To characterize the environmental impacts of the emissions from different strategies and various
airflow velocities, we quantify four widely used parameters in environmental research, that is, the
CO/CO; mass ratio, CH4/CO, mass ratio, CxHy (g)/CO, mass ratio, and equivalent GHG (Fig. 6). Fig.
6a shows that the CO/CO; ratio decreases with the airflow velocity for all processes. The reason is that
the combustion is more complete under larger airflow (sufficient oxygen supply). In addition, it is
observed that the CO/CO ratios of processes with flames (F-SM+FL and P-SM+FL) are all lower than
0.1, which is significantly smaller than those without flame. This proves that the flame could effectively
reduce the toxic CO in smouldering emissions, agreeing well with previous work (Chen et al., 2022c).

(a) COI/ICO, (b) CH,/CO,
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Fig. 6. (a) CO/CO; ratio, (b) CH4/CO, ratio, (c) CxHy(g)/CO; ratio, and (d) equivalent GHG of different
processing strategies under various airflow velocities, where the shadow area indicates the emission parameters

of treating MSW via landfill in literature.
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Fig. 6(b, c) show CH./CO, ratio and CxHy (g)/CO ratio respectively, which are very close as CH4
accounts for the majority. For the gases emitted from landfilling of MSW, CH, accounts for a primary
component with the CH4/CO, mass ratio usually larger than 0.36 (0.36-0.80) (Davis et al., 2022; Hilger
and Humer, 2003; Krause et al., 2016; Valencia et al., 2009). In comparison, the CH4/CO- ratios of all
the four smouldering processes are significantly smaller than that of the MSW landfilling (see Fig. 6b).

Global warming caused by GHG emissions has attracted worldwide attention. Each GHG has a
different global warming potential (GWP) and persists for different lengths of time in the atmosphere
(Buss et al., 2022). Equivalent GHG is a parameter that converts all greenhouse gas emissions into
CO; equivalents so they can be correctly compared in terms of their greenhouse impacts (Lee et al.,
2020). In this work, the GHG from each process is simplified as a mixture of CO, and CH4 (the amount
N2O is very small and is ignored here), and the equivalent GHG (mgy¢, 9/g- dry fuel) is estimated as

m _ GWPCOZ ' mcoz + GWPCH4_ ' mCH4_
GHG GWPCOZ " mF

)

where GWP refers the 100-year global warming potential of the species. CO; is taken as the reference
gas and given a 100-year GWP of 1, and the 100-year GW Py, is given as 25 here (IPCC, 2006). m,,
and mcy, are the total mass of CO. and CH4 produced, respectively. my = 410 g is the mass of fuel.

The calculated results of the equivalent GHG (my) are shown and compared with that from
MSW landfilling (Lou and Nair, 2009) in Fig. 6d. Various theoretical and experimental investigations
have suggested that a large variation of GHG emitted from 1 ton of waste landfilling (Ayalon et al.,
2000; Humer and Lechner, 1999; Themelis and Ulloa, 2007). For comparison, we take an average 1.28
ton COy/ ton of waste generated from landfills (Kumar and Sharma, 2014; Lou and Nair, 2009) and
assume that the moisture content of the waste is 50%, then 2.56 ton CO../ ton dry waste is obtained.
As shown in Fig. 6d, the equivalent GHG () emitted from the proposed waste processing strategies
is basically lower than that of waste landfilling, especially for the partial smouldering processes.
Moreover, mg;y increases as the airflow velocity increases for all processing strategies. For example,
mgye OF F-SM increases from 2 to 2.3 g/(g dry fuel) as the airflow velocity increases from 6 mm/s to
18 mm/s. Besides, my from partial smouldering plus flame (P-SM+FL) is the smallest, followed by
that from P-SM, F-SM+FL and F-SM. Specifically, m;y; from P-SM+FL is about 30 % smaller than
that from P-SM, 55 % smaller than that from F-SM+FL, 60 % smaller than that from F-SM, and 67 %
smaller than that from landfilling.

Therefore, on the one hand, the process of partial smouldering plus self-sustained flame can
effectively reduce the global warming effect and toxicity degree of emissions. On the other hand, the
supplied airflow velocity is much better to be regulated at a moderate degree (~6-10 mm/s), where not
only the emissions are cleaner with lower CO/CO, and CH4/CO; ratios, but also generating less

greenhouse effect with a lower m; ;.
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3.4 Char yield and stability

The partial smouldering process can generate abundant biochar, which is a solid product of biomass
pyrolysis and is a promising concept for climate change mitigation and adaptation (Woolf et al., 2010).
In this section, the char yield and its stability from each process are investigated. Note that the char
produced from processes P-SM and P-SM+FL are the same because their pyrolysis conditions are same
under the same airflow supply.

Fig. 7a shows the char yield as well as carbon mass fraction fixed in char of the partial smouldering
process under various airflow velocities. Two smaller airflow velocities (2 and 4 mm/s) were also
measured here to show the carbon sequestration potential of the proposed partial smouldering process
under smaller airflow velocities. The blue symbols in Fig. 7a indicate the average peak smouldering
temperature of the 1% smouldering stage.

(a) Mass fractions of char and carbon of partial smouldering (b) Van Krevelen diagram with H:C and O:C molar ratios
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Fig. 7. (a) Mass fractions of char and carbon from the partial smouldering process with average Tmax1 marked,
where the shadow region indicates the smouldering emissions is flammable enough to sustain a flame, (b) Van
Krevelen diagram with H:C and O:C molar ratios, where the half-lives range in the X-axis is defined according

to Spokas (Spokas, 2010), and (c) TGA results for char samples under various airflow velocities.

As suggested, both the char yield and fixed carbon fraction decrease as the airflow velocity is

increased. Specifically, when the airflow velocity decreases from 18 mm/s to 2 mm/s, the char yield
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increases from 21 % to 45 % and the fixed carbon fraction increases from 31 % to 66 %. This is because
more organic material inside the fuel will be decomposed into volatile material and released to the
atmosphere under higher temperatures (Tmax1) (Tripathi et al., 2016), leaving less char and fixing less
carbon. Moreover, prior research (Wyn et al., 2020) has shown that under the internal airflow velocities
of 8 mm/s and 2 mm/, the yields of charcoal from forward smouldering are 40 % and 53 %, respectively,
which are slightly larger than the yields obtained in this work under the same airflow velocities. This is
because the charcoal yields reported in the literature only account for the fuel in close proximity to the
airflow supply, while this work calculates the biochar yield for the whole fuel bed.

Char stability is an essential property which demonstrates the longevity of stored carbon and
therefore establishes an effective means for carbon abatement (Crombie et al., 2013). In this work, the
stability of the produced biochar is assessed by two methods: O:C and H:C molar ratios (Santin et al.,
2020), and recalcitrance index Rso (Harvey et al., 2012). The O:C and H:C ratios are plotted in Fig. 7b
(elemental analysis results are shown in Table S2). For comparison, the H:C and O:C molar ratios of
biochar from smouldering and other thermal conversions in literature are also summarized in Fig. 7b
(Crombie et al., 2013; Kambo and Dutta, 2015; Santin et al., 2020). The finding is that the char samples
produced from partial smouldering have similar condensation (0.2<H:C<0.5) and oxidation
(0.2<0:C<0.3) degrees. In comparison, the charcoal from forward smouldering under the airflow
velocity of 8 mm/s in the literature has H:C and O:C ratio ranging from 0.01 to 0.23, and 0.35 t0 0.71
respectively (Wyn et al., 2020). The relatively low O:C ratio indicates that the biochar obtained in this
work can be preserved in the environment over long timescales with half-lives of over 100 years. Rso
of wood and biochar are calculated from their TG curves (Fig. 7¢) according to Eq. (3). It is found that
Rso of the char from partial smouldering is similar under all airflow velocities, which is about 0.6, larger
than that of the virgin wood (~0.4). According to the classification (Harvey et al., 2012), the char
produced belongs to Class B (0.5<Rs,<0.7), which has intermediate carbon sequestration potentials. In
this way, we prove that the proposed partial smouldering is a good biowaste disposal method for long-

term carbon sequestration from both char yield and char stability.

3.5 Multi-criteria analysis

A multi-criteria decision analysis based on PROMETHEE-GAIA algorithm is conducted, which
analyses three scenarios, and each scenario considers seven criteria. Specifically, the seven criteria
include emission of CO,, CO, CH4, C2H4, C2Hg, and the amount of fixed carbon and produced tar. Three
scenarios indicate maximum carbon sequestration with minimum environmental impact (Scenario (a)),
maximum removal efficiency with minimum environmental impact (Scenario (b)), and maximum by-
product value with minimum environmental impact (Scenario (c)).The outranking result for each
scenario is thoroughly listed in Fig. S5, which involves ranking the alternatives from most preferred to

least preferred based on the value of their net outranking flow (®).
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Fig. 8. GAIA plot of alternatives and criteria with the decision vector for different scenarios: (a) maximum
carbon sequestration with minimum environmental impact, (b) maximum removal efficiency with minimum

environmental impact, and (c) maximum by-product value with minimum environmental impact.
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Fig. 8 shows the two-dimensional views of alternatives (green symbols) and criteria (yellow
symbols with yellow lines) for a multidimensional problem obtained by Principal Component Analysis
with a decision vector (red line) marked. A longer decision vector indicates greater decision-making
power. In general, the length of the decision vectors for three scenarios is nearly similar, which all imply
strong decision-making power. For scenario (a) (Fig. 8a), processes P-SM+FL-6, P-SM+FL-8, P-
SM+FL-10, and P-SM+FL-14 are all located in close proximity to the decision vector, which means the
strategy of partial smouldering plus a flame can achieve the maximum carbon sequestration and
minimum environmental impact (emitted less carbon and toxic species). Moreover, a smaller airflow is
preferred for this scenario.

Fig. 8b shows 5 alternatives, namely, F-SM+FL-18, F-SM+FL-14, F-SM+FL-10, F-SM+FL-8, and
F-SM+FL-6, are close to the decision vector, indicating that the strategy of full smouldering plus a
flame is more recommended to achieve a high removal efficiency (maximum mass reduction of the
waste) with least environmental impact, and a larger airflow is preferred. For scenario (c), it is revealed
by Fig. 8c that both the partial smouldering processes with and without a flame under a relatively small
airflow velocity (i.e., P-SM-6, P-SM+FL-6, P-SM+FL-8, and P-SM+FL-10) are able to produce
valuable by-products (either biochar or bio-oil) with minimum harm to the environment. In contrast,
the full smouldering process (F-SM) located at the left-bottom side of the plot are least preferred for

this scenario.

4. Conclusions

In summary, the proposed flexible suite of smouldering waste biomass processing technologies can
be regulated with different strategies to achieve different goals. Partial smouldering process can
sequester abundant stable carbon in biochar (with 0.2<H:C<0.5, 0.2<0:C<0.3, and Rsx=0.6) and thus
reduce the carbon released to the atmosphere. And a smaller airflow rate is recommended for this
strategy to fix more carbon. Full smouldering process can achieve the largest waste removal efficiency,
and the larger airflow rate is preferred. With a flame applied, both partial and full smouldering processes
can significantly reduce the toxic emissions with lower CO/CO; and CHy (g)/CO; ratios compared with
the processes without flame. The equivalent GHG and the CH4/CO; ratio from the four proposed
processing strategies are all smaller than those from the conventional landfilling treatment.

Finally, according to a multi-criteria analysis, the process of partial smouldering with a flame under
small airflow rates is preferred to achieve the maximum carbon sequestration and by-products value
with minimum environmental impact. The process of full smouldering with a flame under larger airflow
rates is recommended to achieve the largest removal efficiency and the least environmental harm.
Altogether, the newly developed technology shows great promise for achieving sustainable municipal

solid waste management.

17


https://doi.org/10.1016/j.wasman.2023.05.038

Y. Chen, S. Lin, Y. Qin, N. Surawski, X. Huang (2023) Carbon Distribution and Multi-criteria Decision Analysis of Flexible Waste Biomass
Smouldering Processing Technologies, Waste Management, 167, 183-93. https://doi.org/10.1016/j.wasman.2023.05.038

Acknowledgements
This work is funded by the National Natural Science Foundation of China (NSFC grant No. 51876183),
and Sichuan Science and Technology Program (2019YFSY0040). We thank ECO-Greentech Ltd. for

providing fuel samples.

CRediT authorship contribution statement

Yuying Chen: Investigation, Methodology, Writing-original draft, Formal analysis. Shaorun Lin:
Resources, Methodology, Formal analysis, Writing-review & editing. Yunzhu Qin: Resources, Formal
analysis. Nicholas C. Surawski: Supervision, Writing-review & editing. Xinyan Huang:
Conceptualization, Methodology, Supervision, Writing-review & editing, Funding acquisition.

Declaration of Competing Interest

The authors declare no conflict of interest.

Supplemental Files

Supplemental data to this work can be found in online version of the paper.

References

Akeredolu, F.A., Sonibare, J.A., 1998. A review of the usefulness of gas flares in air pollution control.
https://doi.org/10.1108/14777830410560674

Assamoi, B., Lawryshyn, Y., 2012. The environmental comparison of landfilling vs. incineration of MSW
accounting for waste diversion. Waste management 32, 1019-1030.

Ayalon, O., Avnimelech, Y., Shechter, M., 2000. Alternative MSW treatment options to reduce global
greenhouse gases emissions-the Israeli example. Waste Management & Research 18, 538-544.

Babu, B. V, 2008. Biomass pyrolysis: a state-of-the-art review. Biofuels, Bioproducts and Biorefining:
Innovation for a sustainable economy 2, 393-414.

Basu, P., 2010. Biomass Gasification and Pyrolysis: practical design and theory.
https://doi.org/http://dx.doi.org/10.1016/B978-0-12-374988-8.00001-5

Behzadian, M., Kazemzadeh, R.B., Albadvi, A., Aghdasi, M., 2010. PROMETHEE: A comprehensive literature
review on methodologies and applications. European journal of Operational research 200, 198-215.

Brans, J.-P., Mareschal, B., 1994. The PROMCALC & GAIA decision support system for multicriteria decision
aid. Decision support systems 12, 297-310.

Buss, W., Wurzer, C., Manning, D.A.C., Rohling, E.J., Borevitz, J., Masek, O., 2022. Mineral-enriched biochar
delivers enhanced nutrient recovery and carbon dioxide removal. Communications Earth & Environment
3, 1-11. https://doi.org/10.1038/s43247-022-00394-w

Chen, Y., Liang, Z., Lin, S., Huang, X., 2022a. Limits of sustaining a flame above smoldering woody biomass.
Combustion Science and Technology. https://doi.org/10.1080/00102202.2022.2041000

Chen, Y., Lin, S,, Liang, Z., Huang, X., 2022b. Clean smoldering biowaste process: Effect of burning direction

on smoke purification by self-sustained flame. Fuel Processing Technology 237.

18


https://doi.org/10.1016/j.wasman.2023.05.038

Y. Chen, S. Lin, Y. Qin, N. Surawski, X. Huang (2023) Carbon Distribution and Multi-criteria Decision Analysis of Flexible Waste Biomass
Smouldering Processing Technologies, Waste Management, 167, 183-93. https://doi.org/10.1016/j.wasman.2023.05.038

https://doi.org/10.1016/j.fuproc.2022.107453

Chen, Y., Lin, S,, Liang, Z., Surawski, N.C., Huang, X., 2022c. Smouldering organic waste removal technology
with smoke emissions cleaned by self-sustained flame. Journal of Cleaner Production 362.
https://doi.org/10.1016/j.jclepro.2022.132363

Crombie, K., Masek, O., Sohi, S.P., Brownsort, P., Cross, A., 2013. The effect of pyrolysis conditions on
biochar stability as determined by three methods. GCB Bioenergy 5, 122-131.
https://doi.org/10.1111/gcbb.12030

Davis, A., Whitehead, C., Lengke, M., 2022. Subtle early-warning indicators of landfill subsurface thermal
events. Environmental Forensics 23, 179-197. https://doi.org/10.1080/15275922.2021.1887973

Demirbas, A., Arin, G., 2002. An overview of biomass pyrolysis. Energy sources 24, 471-482.

Department of Agriculture, W. and the E., 2020. National Waste Report 2020.

Dufour, A., Girods, P., Masson, E., Rogaume, Y., Zoulalian, A., 2009. Synthesis gas production by biomass
pyrolysis : Effect of reactor temperature on product distribution. International Journal of Hydrogen Energy
34, 1726-1734. https://doi.org/10.1016/j.ijhydene.2008.11.075

Environmental Protection Agency, 1997. Sources and Air Emission Control Technologies at Waste
Management Facilities. Washington, DC.

Environmental Protection Agency, 1995. Survey of Control Technologies for Low Concentration Organic
Vapour Gas Streams.

European Environment Agency, 2015. Annual European Union Greenhouse Gas Inventory 1990-2013 and
Inventory Report 1015.

Fabris, 1., Cormier, D., Gerhard, J.1., Bartczak, T., Kortschot, M., Torero, J.L., Cheng, Y.-L., 2017. Continuous,
self-sustaining smouldering destruction of simulated faeces. Fuel 190, 58-66.
https://doi.org/10.1016/j.fuel.2016.11.014

Feng, C., Huang, J., Yang, C., Li, C., Luo, X., Gao, X., Qiao, Y., 2021. Smouldering combustion of sewage
sludge: Volumetric scale-up, product characterization, and economic analysis. Fuel 305, 121485.
https://doi.org/10.1016/j.fuel.2021.121485

Feng, C., Xie, W., Zhang, D., Gao, X., 2022. Pyrolysis of sewage sludge under conditions relevant to applied
smouldering combustion. Proceedings of the Combustion Institute 000, 1-10.
https://doi.org/10.1016/j.proci.2022.07.202

Gai, H., Wang, A., Fang, J., Lou, H.H., Chen, D., Li, X., Martin, C., 2020. ScienceDirect Clean combustion and
flare minimization to reduce emissions from process industry. Current Opinion in Green and Sustainable
Chemistry 23, 38-45. https://doi.org/10.1016/j.cogsc.2020.04.006

Gbmez-Sanabria, A., Kiesewetter, G., Klimont, Z., Schoepp, W., Haberl, H., 2022. Potential for future
reductions of global GHG and air pollutants from circular waste management systems. Nature
Communications 13, 1-12. https://doi.org/10.1038/s41467-021-27624-7

Harvey, O.R., Kuo, L., Zimmerman, A.R., Louchouarn, P., Amonette, J.E., Herbert, B.E., 2012. An Index-
Based Approach to Assessing Recalcitrance and Soil Carbon Sequestration Potential of Engineered Black
Carbons (Biochars).

Hilger, H., Humer, M., 2003. Biotic landfill cover treatments for mitigating methane emissions. Environmental

19


https://doi.org/10.1016/j.wasman.2023.05.038

Y. Chen, S. Lin, Y. Qin, N. Surawski, X. Huang (2023) Carbon Distribution and Multi-criteria Decision Analysis of Flexible Waste Biomass
Smouldering Processing Technologies, Waste Management, 167, 183-93. https://doi.org/10.1016/j.wasman.2023.05.038

Monitoring and Assessment 84, 71-84.

Hu, Y., Fernandez-Anez, N., Smith, T.E.L.L., Rein, G., 2018. Review of emissions from smouldering peat fires
and their contribution to regional haze episodes. International Journal of Wildland Fire 27, 293-312.
https://doi.org/10.1071/WF17084

Huang, X., Rein, G., 2016a. Interactions of Earth’s atmospheric oxygen and fuel moisture in smouldering
wildfires. Science of the Total Environment 572, 1440-1446.
https://doi.org/10.1016/j.scitotenv.2016.02.201

Huang, X., Rein, G., 2016b. Thermochemical conversion of biomass in smouldering combustion across scales:
The roles of heterogeneous kinetics, oxygen and transport phenomena. Bioresource Technology 207, 409—
421. https://doi.org/10.1016/j.biortech.2016.01.027

Humer, M., Lechner, P.P., 1999. Alternative approach to the elimination of greenhouse gases from old landfills.
Waste Management and research 17, 443-452.

IPCC, 2006. IPCC Guidelines for National Greenhouse Gas Inventories.

Kambo, H.S., Dutta, A., 2015. A comparative review of biochar and hydrochar in terms of production, physico-
chemical properties and applications. Renewable and Sustainable Energy Reviews 45, 359-378.
https://doi.org/10.1016/j.rser.2015.01.050

Krause, M.J., Chickering, G.W., Townsend, T.G., Debra, R., Krause, M.J., Chickering, G.W., Townsend, T.G.,
Debra, R., 2016. Technology Critical review of the methane generation potential of municipal solid waste.
Critical Reviews in Environmental Science and Technology 46, 1117-1182.
https://doi.org/10.1080/10643389.2016.1204812

Kumar, A., Sharma, M.P., 2014. Estimation of GHG emission and energy recovery potential from MSW landfill
sites. Sustainable Energy Technologies and Assessments 5, 50-61.
https://doi.org/10.1016/j.seta.2013.11.004

Lee, M., Lin, Y.L., Chiueh, P. Te, Den, W., 2020. Environmental and energy assessment of biomass residues to
biochar as fuel: A brief review with recommendations for future bioenergy systems. Journal of Cleaner
Production 251, 119714. https://doi.org/10.1016/j.jclepro.2019.119714

Lehmann, J., Cowie, A., Masiello, C.A., Kammann, C., Woolf, D., Amonette, J.E., Cayuela, M.L., Camps-
Arbestain, M., Whitman, T., 2021. Biochar in climate change mitigation. Nature Geoscience 14, 883-892.
https://doi.org/10.1038/s41561-021-00852-8

Lin, C., Huang, R.-J., Ceburnis, D., Buckley, P., Preissler, J., Wenger, J., Rinaldi, M., Facchini, M.C., O’Dowd,
C., Ovadnevaite, J., 2018. Extreme air pollution from residential solid fuel burning. Nature Sustainability
1,512-517.

Lohri, C.R., Diener, S., Zabaleta, I., Mertenat, A., Zurbriigg, C., 2017. Treatment technologies for urban solid
biowaste to create value products: a review with focus on low- and middle-income settings. Reviews in
Environmental Science and Biotechnology 16, 81-130. https://doi.org/10.1007/s11157-017-9422-5

Lou, X.F., Nair, J., 2009. Bioresource Technology The impact of landfilling and composting on greenhouse gas
emissions — A review. Bioresource Technology 100, 3792-3798.
https://doi.org/10.1016/j.biortech.2008.12.006

Lu, J.W., Zhang, S., Hai, J., Lei, M., 2017. Status and perspectives of municipal solid waste incineration in

20


https://doi.org/10.1016/j.wasman.2023.05.038

Y. Chen, S. Lin, Y. Qin, N. Surawski, X. Huang (2023) Carbon Distribution and Multi-criteria Decision Analysis of Flexible Waste Biomass
Smouldering Processing Technologies, Waste Management, 167, 183-93. https://doi.org/10.1016/j.wasman.2023.05.038

China: A comparison with developed regions. Waste Management 69, 170-186.
https://doi.org/10.1016/j.wasman.2017.04.014

Manisalidis, 1., Stavropoulou, E., Stavropoulos, A., Bezirtzoglou, E., 2020. Environmental and health impacts of
air pollution: a review. Frontiers in public health 14.

Neves, D., Thunman, H., Matos, A., Tarelho, L., Gomez-Barea, A., 2011. Characterization and prediction of
biomass pyrolysis products. Progress in Energy and Combustion Science 37, 611-630.
https://doi.org/10.1016/j.pecs.2011.01.001

Ohlemiller, T.J., 1991. Smoldering Combustion Propagation On Solid Wood. Fire Safety Science 3, 565-574.
https://doi.org/10.3801/IAFSS.FSS.3-565

Pohl, J.H., Tichenor, B.A., Lee, J., Payne, R., 1986. Combustion efficiency of flares. Combustion science and
technology 50, 217-231.

Rashwan, T.L., Fournie, T., Torero, L., Grant, G.P., Gerhard, J.I., 2021. Scaling up self-sustained smouldering
of sewage sludge for waste-to-energy Distance 135, 298-308.
https://doi.org/10.1016/j.wasman.2021.09.004

Rashwan, T.L., Gerhard, J.I., Grant, G.P., 2016. Application of self-sustaining smouldering combustion for the
destruction of wastewater biosolids. Waste Management 50, 201-212.
https://doi.org/10.1016/j.wasman.2016.01.037

Ravindra, K., Singh, T., Mor, S., 2019. Emissions of air pollutants from primary crop residue burning in India
and their mitigation strategies for cleaner emissions. Journal of Cleaner Production 208, 261-273.
https://doi.org/https://doi.org/10.1016/j.jclepro.2018.10.031

Raza, M., Chen, Y., Trapp, J., Sun, H., Huang, X., Ren, W., 2023. Smoldering peat fire detection by time-
resolved measurements of transient CO2 and CH4 emissions using a novel dual-gas optical sensor. Fuel
334, 126750. https://doi.org/10.1016/j.fuel.2022.126750

Rein, G., 2014. Smoldering Combustion. SFPE Handbook of Fire Protection Engineering 2014, 581-603.
https://doi.org/10.1007/978-1-4939-2565-0_19

Rein, G., 2008. Gains and threats from smouldering combustion to biochar production and storage.

Santin, C., Doerr, S.H., Jones, M.H., Merino, A., Roberts, J.M., 2020. The relevance of pyrogenic carbon for
carbon budgets from fires : insights from the FIREX experiment 0—3.
https://doi.org/10.1029/2020GB006647

song, Z., He, T., Li, M., Wu, D., You, F., 2022. Self-sustaining smoldering as a novel disposal approach for
food waste with high moisture content. Fuel Processing Technology 228, 107144.
https://doi.org/10.1016/j.fuproc.2021.107144

Song, Z., Zanoni, M.A.B., Rashwan, T.L., 2023. Modelling oxygen-limited and self-sustained smoldering
propagation : Thermochemical treatment of food waste in an inert porous medium. Chemical Engineering
Journal 468, 143539. https://doi.org/10.1016/j.cej.2023.143539

Spokas, K.A., 2010. Review of the stability of biochar in soils: Predictability of O:C molar ratios. Carbon
Management 1, 289-303. https://doi.org/10.4155/cmt.10.32

Surawski, N.C., Miljevic, B., Bodisco, T.A., Brown, R.J., Ristovski, Z.D., Ayoko, G.A., 2013. Application of

multicriteria decision making methods to compression ignition engine efficiency and gaseous, particulate,

21


https://doi.org/10.1016/j.wasman.2023.05.038

Y. Chen, S. Lin, Y. Qin, N. Surawski, X. Huang (2023) Carbon Distribution and Multi-criteria Decision Analysis of Flexible Waste Biomass
Smouldering Processing Technologies, Waste Management, 167, 183-93. https://doi.org/10.1016/j.wasman.2023.05.038

and greenhouse gas emissions. Environmental Science and Technology 47, 1904-1912.
https://doi.org/10.1021/es3035208

Themelis, N.J., Ulloa, P.A., 2007. Methane generation in landfills. Renewable energy 32, 1243-1257.

Tissari, J., Lyyréanen, J., Hytonen, K., Sippula, O., Tapper, U., Frey, A., Saarnio, K., Pennanen, A.S., Hillamo,
R., Salonen, R.O., Hirvonen, M.R., Jokiniemi, J., 2008. Fine particle and gaseous emissions from normal
and smouldering wood combustion in a conventional masonry heater. Atmospheric Environment 42,
7862-7873. https://doi.org/10.1016/j.atmosenv.2008.07.019

Tripathi, M., Sahu, J.N., Ganesan, P., 2016. Effect of process parameters on production of biochar from biomass
waste through pyrolysis: A review. Renewable and Sustainable Energy Reviews 55, 467-481.

Valencia, R., Zon, W. Van Der, Woelders, H., Lubberding, H.J., Gijzen, H.J., 2009. Achieving ‘‘ Final Storage
Quality ” of municipal solid waste in pilot scale bioreactor landfills. Waste Management 29, 78-85.
https://doi.org/10.1016/j.wasman.2008.02.008

Wang, J., Huang, L., Yang, R., Zhang, Z., Wu, J., Gao, Y., Wang, Q., O’Hare, D., Zhong, Z., 2014. Recent
advances in solid sorbents for CO 2 capture and new development trends. Energy & Environmental
Science 7, 3478-3518.

Wang, Z., Wang, F., Cao, J., Wang, J., 2010. Pyrolysis of pine wood in a slowly heating fixed-bed reactor:
Potassium carbonate versus calcium hydroxide as a catalyst. Fuel Processing Technology 91, 942-950.
https://doi.org/10.1016/j.fuproc.2009.09.015

Woolf, D., Amonette, J.E., Street-Perrott, F.A., Lehmann, J., Joseph, S., 2010. Sustainable biochar to mitigate
global climate change. Nature Communications 1. https://doi.org/10.1038/ncomms1053

Wu, D., Huang, X., Norman, F., Verplaetsen, F., Berghmans, J., Van Den Bulck, E., 2015. Experimental
investigation on the self-ignition behaviour of coal dust accumulations in oxy-fuel combustion system.
Fuel 160, 245-254. https://doi.org/10.1016/j.fuel.2015.07.050

Wyn, H.K., Zarate, S., Carrascal, J., Yerman, L., 2020. A Novel Approach to the Production of Biochar with
Improved Fuel Characteristics from Biomass Waste. WASTE AND BIOMASS VALORIZATION 6467—
6481. https://doi.org/10.1007/s12649-019-00909-1

Xiu, S., Shahbazi, A., 2012. Bio-oil production and upgrading research: A review. Renewable and Sustainable
Energy Reviews 16, 4406-4414.

Yerman, L., Cormier, D., Fabris, 1., Carrascal, J., Torero, J.L., Gerhard, J.1., Cheng, Y.L., 2017. Potential Bio-
oil Production from Smouldering Combustion of Faeces. Waste and Biomass Valorization 8, 329-338.
https://doi.org/10.1007/s12649-016-9586-1

Yerman, L., Hadden, R.M., Carrascal, J., Fabris, I., Cormier, D., Torero, J.L., Gerhard, J.1., Krajcovic, M.,
Pironi, P., Cheng, Y.-L., 2015. Smouldering combustion as a treatment technology for faeces : exploring
the parameter space. Fuel 147, 108-116. https://doi.org/10.1016/j.fuel.2015.01.055

22


https://doi.org/10.1016/j.wasman.2023.05.038



