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Abstract 

Smouldering is an emerging method for biowaste removal, which has demonstrated 

many attractive advantages. However, as smouldering is an in-completed combustion, it 

tends to release many toxic emissions, like CO, CH4, and volatile organic compounds 

(VOCs), limiting its further promotion and application. Therefore, this thesis proposes 

and thoroughly investigates a novel combustion method for biowaste removal that uses a 

self-sustained flame co-existing with smouldering to clean the toxic smouldering 

emissions.  

 Firstly, it is verified through experiments that the smouldering emission of biomass 

can be piloted to sustain a flame and the flame can co-exist with smouldering combustion. 

The critical smouldering flux of wood waste for maintaining a stable flame remains 

constant at 10-12 g/m2∙s. To reach such a smouldering flux, the minimum opposed airflow 

velocity required is 6 mm/s. Then, the effects of fuel property and smouldering direction 

(forward or opposed) on the critical conditions are investigated. It is found that an 

equivalent critical mass flux of flammable gases required for igniting the smouldering 

emissions is 0.5 g/m2∙s, regardless of the fuel type. Additionally, it is easier for the flame 

to remove more emissions from opposed smouldering which is recommended for the 

proposed biowaste removal process. The efficiency of the pollution mitigation of the 

applied flame is demonstrated by significantly lower CO and VOCs emissions (with 

ΔCO/ΔCO2<0.05 and ΔVOCs/ΔCO2<0.0005) after purification. Finally, four 

smouldering-based biowaste processing strategies: (a) full smouldering, (b) partial 

smouldering, (c) full smouldering with a flame, and (d) partial smouldering with a flame, 

are proposed and evaluated. The results show that full smouldering achieves the highest 

removal efficiency but generates significant greenhouse and toxic gases, while partial 

smouldering effectively generates stable biochar (with 0.2<H:C<0.5, 0.2<O:C<0.3, and 

R50=0.6), sequestering over 30 % carbon. And, a smaller airflow rate is recommended for 

the partial smouldering strategy to fix more carbon. It is also proved that the equivalent 

GHG from the four proposed processing strategies are all smaller than that from the 

conventional landfilling treatment. This work enriches strategies for the clean treatment 

of smouldering emissions and promotes an energy-efficient and environmentally friendly 

method for biowaste removal. 
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1.1  Research background 

Waste is a common problem in modern society. Especially, with the development of 

the economy and the acceleration of urbanization, more and more waste is produced every 

day. Municipal solid waste (MSW) is a waste type consisting of solid waste discarded 

from households as well as commercial and industrial sources. According to the report 

from United States Environmental Protection Agency (EPA), 292 million tons of MSW 

were generated in America in 2018 (EPA, 2020). And in Hong Kong, the daily disposal 

of MSW increases significantly in recent years, which has reached over 10 thousand tons 

per day in 2018 (Environmental Protection Department of Hong Kong, 2019). Biowaste 

(also called waste biomass) is a major component of MSW, typically including food waste, 

woody/garden waste, paper waste, sewage sludge, agriculture waste, etc. 

Waste management and utilization strategies are significant concerns in many 

countries. At present, biochemical conversion (landfilling, composting, anaerobic 

digestion, and fermentation) and thermochemical conversion (pyrolysis, liquefaction, 

gasification, combustion) technologies are the most common methods of biowaste 

disposal across the world. In the biochemical conversion process, the biowastes are 

broken down into smaller molecules by bacteria or enzymes. However, as this process is 

usually conducted under ambient temperature, it is much slower than a thermochemical 

conversion. Thermochemical conversion technology typically includes pyrolysis, 

gasification, liquefaction, and combustion. The difference between different 

thermochemical conversion technologies lies in the composition of the reactive gases, 

operating temperature, and pressure. Pyrolysis takes place in the total absence of oxygen 

where large hydrocarbon molecules are broken down into smaller ones. Depending on 

the heating rate and reactor ambient, the major product could be gas, liquid, or solid. 

Gasification requires a medium for reaction, which can include air, oxygen, subcritical 

steam, or a mixture of these. After gasification, the organic waste could be converted into 

synthetic gases. Liquefaction is a by-process of pyrolysis and gasification, and it often 

requires a higher temperature (300-350 °C) and pressure (12-20 MPa) for a longer 

reaction time. Combustion is a complex oxidation process, which has been considered 

the fastest, most cost-effective way to remove solid waste. It is most effective in the 

volume reduction of waste and the destruction, capture, and concentration of hazardous 

substances. Moreover, it can produce substantial heat for potential electricity generation 
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and industrial heating, i.e., energy recovery. However, the current thermochemical 

conversion method demonstrates many deficiencies. Firstly, the energy consumption and 

cost are very high as complex pre-treatments (such as grinding and drying) and external 

energy (like co-firing with coal and supply of fuel gas) are required. Secondly, the high-

temperature reactions inside reactors pose safety hazards, which may cause an explosion, 

thus limiting the scale and location of the waste treatment device. Thirdly, many 

pollutants will be generated from the conventional high-temperature incineration process. 

Most seriously, the toxic dioxins produced can cause cancer in human beings. In summary, 

nowadays, effective and environmentally friendly treatment facilities to cope with the 

large quantities of biowaste are still absent, posing a globally big challenge to mankind.

Smouldering is an emerging method for organic waste removal. Smouldering is the 

slow, low-temperature, flameless burning of porous fuels and the most persistent type of 

combustion phenomenon. Common smouldering combustion can be found in burning 

cigarette, charcoal, and incense, as shown in Figure 1.1. Smouldering is fundamentally 

different from flaming in terms of reaction chemistry and transport processes (Ohlemiller, 

1985; Palmer, 1957; Rein, 2014). The initiation of smouldering requires a relatively small 

amount of energy (Lin et al., 2019a), and it may be sustained in an oxygen concentration 

as low as 12% and a moisture content higher than 100% (Huang et al., 2016; Huang and 

Rein, 2016a). In general, the maximum smouldering temperature ranges from 500 to 

800 ℃, depending on the fuel types and operation conditions (Rein, 2016), which is much 

lower than the flaming temperature (>1100 ℃) (Law, 2010).

Figure 1.1. Typical example of smouldering combustion in different fuels, (a) debris of 

WTC, (b) peat fire, (c) underground coal fire, (d) charcoal, (e) incenses, (f) cotton, and 

(g) wildland firebrands.
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Recently, novel technologies based on smouldering have been developed to 

successfully remove bioliquid (Kinsman et al., 2017; Zanoni et al., 2018), organic soils 

(Hadden et al., 2013; Huang and Rein, 2016b; Rein et al., 2017), facet (Fabris et al., 2017), 

wastewater biosolids and sludge (Tarek L. Rashwan et al., 2016), and oil shale (M.F. 

Martins et al., 2010). Such a smouldering-based process requires a minimum amount of 

pre-treatment and can handle different kinds of feedstocks with high moisture content. 

Moreover, the smouldering removal technology can be self-sustained without external 

heating. Besides, as an intensive pyrolysis is involved in the smouldering front, 

smouldering also shows strong potential as a green waste-to-energy technology, which 

has been applied to convert biowaste (like forestry waste, faces, and used types) into bio-

oil (Vantelon et al., 2005; L Yermán et al., 2017a) and biochar (Rein, 2009a; Wyn et al., 

2020b). Biochar is a solid product with a high carbon content, which has potential usage 

in a wide field and is suitable for carbon sequestration. Converting waste to biochar could 

avoid the complete return of greenhouse gases (GHG) to the atmosphere, compared to 

natural decay or burning processes [82,83]. Unlike the conventional pyrolysis technology, 

pyrolysis involved in the smouldering can be sustained by the heat generated from the 

weak oxidation of original fuel, requiring no external energy input. Therefore, the high 

operative cost associated with the input of thermal energy and inert purge gas of 

conventional pyrolysis can be avoided. 

However, the pure smouldering organic waste treatment technology also has 

limitations. As an incomplete combustion process, smouldering produces a larger portion 

of greenhouse gases (CO2, CH4), PAHs, and PMs (Hu et al., 2018; Rein et al., 2009), 

posing severe threats to humans and the environment. Considering most smouldering 

emissions are still flammable because they still contain a large number of hydrocarbon 

pyrolysis gases and CO (H. Wang et al., 2021), this work aims to apply a flame on the 

smouldering emissions to convert them into H2O and CO2 (Rein, 2016). Sustaining a 

flame above the smouldering process can not only generate extra heat, but also remove a 

large portion of flammable and toxic smouldering emissions, thus, promoting more 

efficient and cleaner smouldering applications. However, the co-existence of flaming and 

smouldering on biomass has not been well explored so far, posing a significant knowledge 

gap. 
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1.2 Objectives and scope of the research 

Therefore, this work aims to propose a novel combustion method for biowaste 

disposal which combines the advantages of smouldering and flaming. Specifically, the 

biowaste will be firstly burned through smouldering, meanwhile, the toxic emissions from 

smouldering will be cleaned by a flame. The co-existence mode of smouldering and 

flaming will be investigated in the round. The results are expected to help promote more 

environmentally friendly and energy efficient smouldering applications. Specifically, it 

is accomplished by addressing the following objectives: 

1. Quantify the combustion efficiency and emission characteristics of both smouldering 

and flaming processes of various common wood, organic soil (simulated sludge), and 

coffee ground (food waste) biowastes. 

2. Reveal the limiting conditions (critical oxygen supply rate and smouldering burning 

rate) of sustaining a flame on the smouldering emissions (i.e., co-existence of 

smouldering and flaming). 

3. Explore the effects of biowaste properties (bulk density, particle size, and proximate 

analysis) and smouldering propagation direction (forward and opposed smouldering) 

on the critical conditions for the co-existence of smouldering and flaming.  

4. Determine the purification effect of the flame on the toxic smouldering emissions by 

quantifying the emissions (CO2, CO, CH4, and VOCs) before and after the flame is 

applied. 

5. Explore the effectiveness of using smouldering to generate biochar for carbon 

sequestration. The biochar yield, fixed carbon fraction, and biochar stability under 

various air supply rates are quantified. The carbon footprints of full-smouldering and 

partial-smouldering processes are compared.  

1.3 Research significance 

Firstly, this study provides a clean and energy efficient biowaste removal method 

with the advantages of (1) a minimum pre-treatment requirement, (2) great flexibility in 

feedstocks and scale, (3) the minimum environmental impact, and (4) generate fixed 

carbon to reduce carbon emission. This proposed method is desired to be an important 

compensation to the existing solid waste disposal facilities. Secondly, this study solves 

the key problem existing in smouldering applications, that is, the smouldering emissions 
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contain large amounts of polluted and toxic species. The results are expected to help 

promote more environmentally friendly and energy-efficient smouldering applications. 

Finally, the knowledge gap of the co-existence of flaming and smouldering combustion 

on biomass is addressed, contributing to the development of combustion theory.  

1.4 Organization of the thesis 

This thesis is a compilation of four publications achieved during the Ph.D. study. 

Overall, this thesis is presented in a manuscript style: Chapter 1 introduces the research 

background and significance. Chapter 2 introduces the literature review. Chapter 3 

introduces the methodology of this thesis. The following chapters (Chapters 4-7) take 

the form of independent papers, which have been published in a journal. Chapter 8 

summarizes the conclusions and suggests some ideas for future research. 

Firstly, Chapter 4 investigates whether the emissions from smouldering woody 

biowaste can sustain a robust flame and quantifies the critical conditions (smouldering 

burning flux and oxygen supply rate) for the co-existence of smouldering and flame. Peer 

reviewed paper associated with Chapter 4: Y. Chen, Z. Liang, S. Lin, and X. Huang. 

Limits of Sustaining a Flame above Smouldering Woody Biomass. Combustion Science 

and Technology, 2022: 1-19. 

Then, Chapter 5 further applied the proposed combustion method to other types of 

biowastes (coffee waste and simulated sludge) and investigated the purification effects of 

the flame on the toxic smouldering emissions. Peer reviewed paper associated with 

Chapter 5: Y. Chen, S. Lin, Z. Liang, N. C. Surawski, and X. Huang (2022). Smouldering 

Organic Waste Removal Technology with Smoke Emissions Cleaned by Self-Sustained 

Flame. Journal of Cleaner Production, 2022, 362: 132363. 

After that, Chapter 6 discussed the effects of the smouldering direction on the co-

existence of the smouldering and flaming by comparing their critical smouldering burning 

fluxes and minimum airflow velocities. Peer reviewed paper associated with Chapter 6: 

Y. Chen, S. Lin, Z. Liang, and X. Huang (2022). Clean smouldering biowaste process: 

Effect of burning direction on smoke purification by self-sustained flame. Fuel 

Processing Technology, 2022, 237: 107453. 

Chapter 7 developed a flexible smouldering biowaste processing technology with 

four processing strategies. The gaseous, liquid, and solid products of each strategy are 

quantified. A multi-criteria analysis in terms of environmental impact, carbon 
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sequestration, waste removal efficiency, and by-product value is performed. Peer 

reviewed paper associated with Chapter 7: Y. Chen, S. Lin, Y. Qin, N. C. Surawski and 

X. Huang (2022). Carbon Distribution and Multi-criteria Decision Analysis of Flexible 

Biowaste Smouldering Processing Technologies. Waste Management, 2023,167: 183-

193.  

 
Figure 1.2. Graphic abstract of Chapter 7 – Flexible smouldering processes with four 

processing strategies. 

Finally, Chapter 8 summarizes the major contributions of this thesis and presents 

possible future works. 
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CHAPTER 2 
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2.1 Fundamental smouldering process 

Smouldering is a heterogeneous process sustained when oxygen directly attacks the 

hot fuel surface, which is the dominant burning phenomenon of reactive porous media 

like woods (Anca-Couce et al., 2012; S. Wang et al., 2021), coals (Melody and Johnston, 

2015), and organic soils (Huang and Rein, 2016a; Lin et al., 2020). Generally, the 

combustion of the porous media can be approximated as two lumped chemical pathways, 

namely, pyrolysis and oxidation (Lin et al., 2019b; Rein, 2013). As shown in Eq. (2.1), 

pyrolysis will result in pyrolysis gas and char. Subsequently, the oxidation of char leads 

to smouldering combustion (Eq. (2.2)), while the gas-phase oxidation leads to flaming 

combustion (Eq. (2.3)) (Rein, 2009b). Before pyrolysis, solid fuel needs to undergo the 

preheating and drying process (Rein, 2014). Above 200 ℃, the pyrolysis occurs, and 

continuing to increase the fuel temperature above 250 ℃. Then, the char oxidation 

process starts to release a net heat and becomes self-sustained if the oxygen supply is 

sufficient. 

Fuel (solid)+Heat→Pyrolyzate (gas)+ Char (solid)                   (Pyrolysis)     (2.1) 

Char (solid)+O2(gas)→Heat+CO2+H2O+other gases+Ash (solid) (Smouldering)(2.2) 

Pyrolysis (gas)+O2(gas)→Heat+CO2+H2O+other gases               (Flaming)     (2.3) 

Smouldering propagates through a porous material like a wave, or a front (named as 

smouldering front). The propagation of the smouldering front is facilitated by exothermic 

oxidation reactions. When the heat produced by these reactions overcomes heat losses, 

the smouldering can propagate continuously and can be defined as self-sustained 

smouldering (Wyn et al., 2020a).  

According to the smouldering propagation direction relative to the direction of the 

oxygen, smouldering can be categorized as Forward and Opposed smouldering. As 

illustrated in Figure 2.1, forward propagation occurs when the oxygen supply is moving 

in the same direction as the smouldering front, while opposed propagation (also called 

reverse smouldering) occurs when the oxygen supply is moving opposite to the 

smouldering front (Combustion, 2016). Generally, the smouldering front consists of three 

sub-fronts: the preheating and drying, the pyrolysis, and the char oxidation sub-fronts 

(Combustion, 2016). In forward smouldering, the oxygen first flows through the char 

where it is consumed (by char oxidation) and then the hot reacted gases of combustion 

flow through the pyrolysis sub-front and the virgin fuel in sequence. This convective 
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transport results in enhanced drying and preheating processes. By contrast, in opposed 

smouldering, the oxygen flows through the virgin fuel in the first place, and then through 

the preheating and drying and pyrolysis sub-fronts before reaching the char oxidation sub-

front. This means that heat is transferred by convection in the opposite direction to the 

virgin fuel, resulting in a weaker smouldering process (Combustion, 2016). Consequently, 

forward smouldering is faster than opposed smouldering under the same fuel and oxygen 

supply. Therefore, forward smouldering is the most widely used and efficient mode of 

smouldering for the removal of organic wastes (Yermán et al., 2016a; Zanoni et al., 

2019a). 

Figure 2.1. The schematic diagram of (a) forward and (b) opposed smouldering.

2.2 Parameters affecting smouldering

Generally, smouldering is controlled by two key parameters: oxygen transport and 

heat transfer, like most other combustion and fire processes. Meanwhile, many 

parameters may affect the oxygen transport and heat transfer processes. This section 

reviews how different parameters affect smouldering process. These parameters are 

categorized into the environmental conditions, such as oxygen concentration, airflow rate, 

external heat flux, and fuel physicochemical properties, such as moisture, particle size, 

and density. 

2.2.1 Oxidizer flow

Oxidizer flow has a great influence on the smouldering process, as it directly affects 

the amount of oxygen that can be transported to the smouldering oxidation front (Torero 
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et al., 2020). Airflow can be divided into internal airflow inside the porous fuel and the 

external wind. The former is relatively small (< 5 cm/s) and mainly affects the 

smouldering process which spreads inside the porous fuel, while the latter forms a 

boundary layer flow on the fuel surface and mainly affects the surface smouldering spread 

over the interface between fuel and ambient. An increase in oxygen flow rate can improve 

oxygen availability and facilitate oxidation reactions. This is beneficial as it provides the 

necessary heat to sustain the smouldering reaction. It is demonstrated that the relationship 

between internal airflow and smouldering velocity is mostly linear (Torero et al., 2020; 

Wyn et al., 2020a). However, an extremely large airflow may cool the smouldering zone, 

reducing the temperature and the spread rate or even blowing off the combustion (Wang 

et al., 2018).  Moreover, increasing the external wind speed can reduce the thickness of 

boundary layer, and thereby increase the diffusion of oxygen into the porous media. For 

a large-porosity fuel, such as PU foam, a pile of charcoals, and forest litter layer, the 

internal Darcian flow inside the porous fuel also increases due to the increases of flow 

pressure (Xie et al., 2020). Therefore, the influence of external wind on smouldering is 

indirect.  

Oxygen concentration is one of the most important parameters for almost all 

combustion processes (Law, 2010; Ohlemiller, 1985), and it is often written in the form 

of volume fraction (𝑋𝑂2) in the fire research. The increase in oxygen concentration will 

cause the temperature and spread rate of smouldering to rise increased (Malow M, 2018; 

Putzeys et al., 2007, 2008; Putzeys Olivier, Carlos Fernandez-Pello, 2006; Ronda et al., 

2017; Schmidt et al., 2003; Wang et al., 2016; Wu et al., 2017; Yang et al., 2016). This 

is because the rate of char oxidation (𝜔̇ ‴) and the heat release rate (HRR or 𝑄̇ ‴) will 

increase with the oxygen concentration, which can be expressed by Arrhenius law as 

𝜔̇ 
‴ = 𝐴𝑒

𝐸
𝑅𝑇𝑦𝐹

𝑛𝑦𝑂2
𝑛𝑂2                                                     (2.4) 

𝑄̇ 
‴ = 𝜔̇ 

‴∆𝐻𝑠𝑚                                                          (2.5) 

where A is the pre-exponential factor, E is the activation energy for the char 

oxidation, R is the universal gas constant, T is the temperature, 𝑦𝐹 is the concentration of 

fuel, n is the reaction order of fuel, 𝑦𝑂2 is the concentration of oxygen, 𝑛𝑂2 is the reaction 

order of oxygen, ∆𝐻𝑠𝑚 is the heat of smouldering.  

 As reported, for the wood chips, if the oxygen concentration increases from 3.6% 

to 21%, the smouldering temperature increases from 337 to 521 ℃, that is, a temperature 

https://en.wikipedia.org/wiki/Absolute_temperature
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rise of 10 ℃ for every 1% increase of oxygen concentration (Malow M, 2018). However, 

above the atmospheric oxygen level (21%), the influence of oxygen concentration on 

smouldering flattens. For example, when the oxygen concentration increases from 23% 

to 35%, the smouldering temperature of peat only increases by 8 ℃ (Yang et al., 2019). 

Thus, the rate of char oxidation may change from oxygen-controlled to fuel-controlled, 

as the fuel properties (e.g. pore structures and intra-particle diffusion) also affect the 

oxygen supply. Note that smouldering combustion can be maintained when the oxygen 

concentration is as low as 3% (Schmidt et al., 2003). 

In addition, increasing the oxygen concentration can trigger the smouldering-to-

flaming (StF) transition (Putzeys et al., 2008). For PU foam, as the oxygen concentration 

increases from 21% to 23% under the same external heat flux of 7.23 kW/m2, the 

smouldering-to-flaming transition occurs (Putzeys et al., 2008). This is because the 

flammability limit can be extended by the increased oxygen concentration, and the 

gaseous mixture inside the pores becomes easier to reach the lower flammability limits. 

Also, the increased smouldering temperature by the rich oxygen becomes hot enough to 

pilot the flammable mixture. 

2.2.2 External heat flux 

The external heat flux, especially external radiation, is almost common in any fire 

scenario, and it is also an important factor affecting the smouldering process. In contrast, 

the flame temperature is insensitive to the external radiation, because the radiation 

absorption of the flame sheet is negligible. In general, it has been experimentally observed 

that smouldering is not observed over 40 kW/m2, under which condition piloted ignition 

is considered to occur (Bilbao et al., 2001). 

The increased heat flux can directly raise the temperature of the solid-phase fuels 

via both the convection by the direct contact of the hot smoke or flame and the radiation 

by remote fire or hot walls, thus, increasing the rate of smouldering and heat release (Eqs. 

(2.4-2.5)). On the other hand, the increased heat flux can increase the smouldering 

reaction rate, further raising the heat generation and the solid-phase temperature. For 

wood, an increase of heat flux from 25 to 37 kW/m2 increases the smouldering 

temperature from 472 to 529 ℃, with a temperature rise of around 5 ℃ for every 1 kW/m2 

increase of external radiation (Bilbao et al., 2001). 

2.2.3 Bulk density 
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The fuel physicochemical properties affect the smouldering process in a more 

complicated manner (He et al., 2014; Saastamoinen et al., 2000; Yang et al., 2005). The 

bulk density of a porous material reflects its porosity and permeability. The relationship 

between density and porosity (∅) can be expressed as: 

∅ = 1 −
𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
                                               (2.6) 

Furthermore, the permeability (k) is assumed to be vary with the porosity, which can 

be estimated according to Kozeny-Carman (KC) model, as 

𝑘 = 𝐶𝐾𝐶
∅3

(1−∅)2
                                                       (2.7) 

where 𝐶𝐾𝐶  is an empirical parameter which is related to the geometry, tortuosity and 

specific internal surface area of the material. 

Permeability has been observed to affect the intensity of smouldering, since it 

controls the flow of the oxygen across the particles (Ohlemiller, 1990; Wang et al., 2019). 

According to Eqs. (2.6)&(2.7), the permeability will decrease with the density, resulting 

in poor oxygen supply, thus decreasing the HRR. However, decreasing porosity can 

reduce the heat loss at the same time. Such a competition mechanism eventually leads to 

an increase in smouldering temperature. For many low-density fuel beds (< 150 kg/m3), 

such as PU foam, cotton, peat, and pine needles, they are easy to be compressed (also 

called highly compressible fuels) (Huang and Rein, 2019). As a result, their smouldering 

temperature and smouldering propagation rate increase significantly with their density. 

However, for many fuel beds with large particles, such as coal dust, wood chip, and 

fibreboard, they are not easy to be compressed. Some other porous fuels are rigid, such 

as natural wood, coal layer, and shale, so they are almost incompressible. For these high-

density and weakly compressible fuels, the smouldering process is not sensitive to the 

fuel density. Therefore, it can be concluded that the effect of bulk density on the 

smouldering process depends on the nature and state of the fuel beds and particles. 

2.2.4 Particle size 

The particle size of the fuel bed has a complex influence on smouldering, as it 

changes both the surface-to-volume ratio of the fuel particle and the solid porosity of the 

fuel bed (Wyn et al., 2020a). On the one hand, as the particle size is reduced, the surface-

to-volume ratio of the fuel particle will increase; therefore, the available surface for 

heterogeneous oxidation increases reaction, so the HRR per unit volume will increase. 
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On the other hand, lowering the particle size may increase the fuel bulk density and reduce 

the air permeability, leading to larger thermal inertia and poor oxygen supply. For 

example, as the peat particle size increases from less than 1 mm to that greater than 4 

mm, the smouldering temperature keeps almost constant at about 600 ℃ (Chen et al., 

2014). Similarly, Ronda et al.(Ronda et al., 2017) showed that an increase of 

approximately 4 mm in particle size of pine bark decreases the peak smouldering 

temperature by only about 30 ℃. Moreover, Ryu et al. showed that the ignition front 

speed and burning rate will decrease with the particle size (Ryu et al., 2006; Yang et al., 

2005). Ronda and He also showed smaller particle sizes determined a lower ignition 

temperature of pine bark (He and Behrendt, 2011; Ronda et al., 2017). In short, the overall 

influence of particle size on smouldering process still needs more future research.  

2.2.5 Moisture content  

As the moisture contents (MC) of most biowaste, like food waste, yard waste, and 

sludge, are usually very high (> 100% dry basis), it is of vital importance to learn about 

the effects of MC on the smouldering process. Actually, the effect of moisture content on 

smouldering combustion has been reported in many studies, especially in biomass (HE F, 

TANG Q X, 2012; He et al., 2014; Huang and Rein, 2017; Prat-Guitart et al., 2016a; 

Xiang ZHE, Weitao ZHAO, 2016). It has been observed that the moisture content of fuel 

could significantly lower the smouldering propagation rate, but has little effect on the 

maximum smouldering temperature within a certain range (Porteiro et al., 2010; Prat-

Guitart et al., 2016b; Prat et al., 2015; Saastamoinen et al., 2000).  

Moisture mainly affects the water evaporation process before the thermochemical 

processes, so it is a heat sink and may decrease the smouldering temperature (Wyn et al., 

2020a). For example, as the MC of corn stalk ranges from 0% to 21%, the peak 

smouldering temperature keeps constant at about 710 ℃ (He et al., 2014). For peat, as 

the MC increases from 0% to 100%, the variation of smouldering temperature is less than 

50 ℃ (Huang et al., 2016; Huang and Rein, 2017; Prat-Guitart et al., 2016a). Although 

the heat of evaporation (2.26 MJ/kg) is much higher than the heat of pyrolysis (about 1 

MJ/kg), it is still much smaller than the heat of smouldering (10-20 MJ/kg). Also, there 

is a layer of dry fuel of several centimeters between the front of drying and the front of 

char oxidation, so that the cooling of oxidation front by the wet fuel is limited. 

Nevertheless, near the extinction limit of smouldering combustion, the smouldering 
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temperature will decrease sharply with a small increase of MC. In addition, there exists 

an upper moisture limit for self-sustaining smouldering, which has been reported by the 

previous literature (Prat-Guitart et al., n.d.; Watts and Kobziar, 2012). 

2.2.6 Chemical components  

Chemical properties, such as the composition of the fuel, can also influence the 

behaviour and products of smouldering. Specifically, the chemical property of biomass 

is usually characterized by the proximate analysis and the ultimate analysis (elemental 

analysis). The proximate analysis provides information on the mass fraction of moisture, 

volatile matter, fixed carbon, and ash. Material with high volatile matter was found to 

release high amounts of combustible gases (Wyn et al., 2020a). Ash has little effect on 

the combustion characteristics; however, metal impurities in the ash can catalyse the 

reactions, which has been explored by some authors (Belviso, 2018; Rizkiana et al., 

2014).  For example, Porteiro et al. pointed out that the ash content of the biomass has a 

major effect on the ignition front velocity (Porteiro et al., 2010).  

Regarding the elemental composition for most biomasses, such as corn stalk (He et 

al., 2014), pine bark (Ronda et al., 2017), peat (Huang and Rein, 2019; Yang et al., 2016), 

and wood chips (Daouk et al., 2017), the C/H mass ratio is in the range of 6 to 10. In this 

range, the peak smouldering temperature shows an increasing trend as the C/H ratio 

increases. For example, as the C/H ratio increases from 6 to 10, the peak smouldering 

temperature increases from about 350 to 700 ℃. The C/H ratio of coal and char (or 

charcoal) is very large (over 15), the smouldering temperature can reach 710 ℃ when the 

C/H ratio is 17 (He et al., 2014; Wu et al., 2017). Therefore, it can be seen that for a 

similar type of fuel, the C/H mass ratio has a relatively monotonic effect on the 

smouldering temperature. However, if the types of fuel are very different (such as 

polymer and coal), the C/H mass ratio no longer reflects their smouldering temperature, 

while their other physicochemical properties become more important. 

2.3 Smouldering emissions 

As smouldering is in-completed combustion, far more complex and numerous 

emissions are emitted compared with flaming combustion. The plenty of toxic and 

polluting species inside of the smouldering emissions pose severe threats to humans and 

the environment.  
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The smouldering-originated toxic smoke is mainly comprised of CO2, CO, CH4, 

HCN, volatile organic compounds (VOCs), and particulate matter (PM) (Hu et al., 2018). 

Among the gas pollutants, CO2 and CH4 are the most significant greenhouse gases 

(GHG), while CO and VOCs are the major precursors for forming O3 and secondary 

organic aerosol (SOA) via photochemical processes in the atmosphere (Urbanski et al., 

2008). It is reported the smouldering peat fires that occurred in Indonesia in 1997 are 

responsible for 30 % of greenhouse gas (GHG) emissions that year (Page et al., 2002). 

Moreover, in smouldering combustion, the ratio of CO/CO2 is much higher than that in 

conventional flaming combustion (Turetsky et al., 2015).  

For the PM emissions from smouldering combustion, it can significantly vary in 

terms of size-resolved distributions (PM1 to PM10) and particulate concentrations 

depending on the test conditions (Iinuma et al., 2007; Tissari et al., 2008). The fine PM 

emissions from smouldering are a key factor leading to the haze event, which will cause 

respiratory diseases in humans and affect normal traffic. For example, during the El Nino 

event in 1997, an unprecedented severe smouldering fire occurred in Indonesia, which 

caused a large-scale transnational haze disaster affecting 100 million people in Southeast 

Asian countries (Page et al., 2002). This haze reduced visibility and further caused Garuda 

Indonesia Flight 152 to crash into mountains, killing all 234 people on board (Hu et al., 

2018). 

However, most smouldering emissions are still flammable because they still contain 

a large number of hydrocarbon pyrolysis gases and CO (H. Wang et al., 2021). In contrast, 

a flame can convert most smouldering emission gases into H2O and CO2 (Rein, 2016). 

Therefore, if applying a self-sustained flame above the smouldering process, we can not 

only generate extra heat, but also remove a large portion of flammable and toxic 

smouldering emissions, thus, promoting more efficient and cleaner smouldering 

applications. In addition, the smouldering emissions can be further handled to produce 

high-value products. For example, by condensing the smouldering emissions, bio-oil 

could be obtained (Vantelon et al., 2005; L Yermán et al., 2017a), which will be further 

discussed in the next section. 

2.4 Waste treatment by smouldering 

2.4.1 Waste removal by smouldering  

Smouldering is an emerging technology for organic waste removal and valorization. 
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In recent decades, it has been successfully demonstrated to remove many kinds of organic 

waste such as bioliquid (Kinsman et al., 2017; Zanoni et al., 2019b), faeces (Fabris et al., 

2017; L Yermán et al., 2017b), wastewater sludge (Feng et al., 2021; Rashwan et al., 

2021), food waste (Song et al., 2022), and oil shale (Marcio F Martins et al., 2010). 

Yerman et al. (Tarek L Rashwan et al., 2016; Yermán et al., 2015) showed that self-

sustained smouldering could be achieved in faeces with a moisture content up to 70% 

(wet mass basis) (L Yermán et al., 2017b; Yermán et al., 2015). And the pathogens inside 

the faeces can be effectively eliminated under the smouldering temperature (Yermán et 

al., 2015). Rahwan et al. reported that a robust smouldering in sludge could be sustained, 

the lower heating value of which was only 1.6 MJ/kg (Tarek L. Rashwan et al., 2016). 

Additionally, many efforts have been taken to improve the efficiency of smouldering-

based waste removal technology, such as enhancing the oxygen supply (Pironi et al., 2009; 

Vantelon et al., 2005; L Yermán et al., 2017a; Yermán et al., 2016a) or increasing the 

porosity by adding sands (Switzer et al., 2014; L Yermán et al., 2017b). Smouldering is 

also used for co-waste management, which combines wastes that cannot smoulder alone 

with those that can smoulder, like sewage sludge mixed with wood chips and oil blended 

with agricultural waste (Rashwan et al., 2023). Moreover, not only laboratory-scale 

experiments, but also large-scale tests of organic waste smouldering have been developed 

(Rashwan et al., 2021).  

Through the current research and successful applications, many attractive 

advantages and prospects of smouldering in organic waste removal have been 

demonstrated: (i) smouldering is able to treat the waste with high moisture content, thus, 

minimizing the pre-treatment processes; (ii) smouldering does not require an extra supply 

of fuel or energy (after ignition) to sustain its combustion process; (iii) smouldering can 

be self-sustained even in material with low calorific contents, like coal tar mixed with 

sand at about 1 MJ/kg (Pironi et al., 2011); (iv) smouldering technology is flexible in 

waste type and scale; (v) smouldering reactor has a lower temperature (500-800 ℃) than 

traditional incineration reactor, which improves the safety of the waste treatment process; 

and (vi) the efficiency of the smouldering process can be easily controlled by adjusting 

the airflow rate and oxygen concentration.  

2.4.2 Waste-to-energy by smouldering 

In addition, smouldering shows strong potential as a green waste-to-energy 
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technology, which has been applied to convert biowaste into high-value products (Torero 

et al., 2020; Wyn et al., 2020a). This is because intensive pyrolysis (Eq. (2.1)) occurs 

inside the smouldering front, which can convert biomass feedstock into biochar (solid), 

bio-oil (liquid), and bio-gas (Babu, 2008; Demirbas and Arin, 2002; Wang et al., 2010). 

Biochar is a solid product from biomass pyrolysis, which has a high carbon content. 

Biochar has potential usage in a wide field and is suitable for carbon sequestration due to 

its resistance to chemical and biological decomposition. Converting waste 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). More importantly, 

different from the conventional pyrolysis process, pyrolysis involved in the smouldering 

can be sustained by the heat generated from the weak oxidation of the original fuel (Eq. 

(2.2)), requiring no external energy input. Up to now, researchers have successfully 

produced liquid bio-oil from the smouldering of faeces and used tyres (Vantelon et al., 

2005; L Yermán et al., 2017a). Besides, the production of biochar through forestry waste 

smouldering has also been investigated (Rein, 2009a; Wyn et al., 2020b). For example, 

prior research (Wyn et al., 2020b) 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, and the biochar under the airflow velocity of 8 mm/s has H:C and O:C ratio 

ranging from 0.01 to 0.23, and 0.35 to 0.71, respectively. 

2.5 Concluding remarks 

Smouldering is an emerging technology for organic waste removal and valorization, 

demonstrating attractive advantages. Previous research has proved that a self-sustained 

smouldering process can be successfully applied to remove various organic wastes with 

high moisture contents and low heating values. Smouldering also shows strong potential 

as a green waste-to-energy technology, which has been applied to convert waste into high-

value products, like bio-oil and biochar. However, incomplete smouldering combustion 

generates a large amount of polluting and toxic emissions, which limits its further 

promotion and application.   
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CHAPTER 3 

Methodology 
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Chapter 3 introduces the experimental material and methods used in Chapters 4-7.

3.1 Materials

3.1.1 Biowaste samples

Wood waste, coffee waste and organic soil were selected as representative biowaste 

and food waste as well as simulated sludge, as shown in Figure 3.1. The wood waste is

provided by a local supplier (ECO-Greentech Ltd.). Initially, all the fuel samples were 

oven-dried at 90 oC for 48 h, and their moisture contents were measured to be <8% when 

reaching a new equilibrium with ambient moisture. The density of coffee waste is 

measured to be 420 kg/m3, which is much larger than that of wood waste (200 kg/m3) and 

organic soil (145 kg/m3), while the particle size of it is the smallest, which is less than 1 

mm (20-40 mm for wood waste and ~2 mm for organic soil). 

Figure 3.1. Photos of the biowaste samples used in experiments.

3.1.2 Charaterisation of samples

All biowaste samples are analyzed by three methods, namely, thermal analysis, 

elemental analysis, and proximate analysis. Before each analysis, the samples were 

pulverized into powders and dried at 90 °C for 48 h. 

The thermal analysis for all samples was conducted with a PerkinElmer STA 6000 

Simultaneous Thermal Analyzer in both air and N2 atmospheres with a flow rate of 20 

mL/min. Experiments were repeated twice for each case, and good repeatability is shown.

Figure 3.2 shows the mass fraction, mass loss rate, and heat flow curves of (a) wood chips 

(wood waste), (b) organic soil, and (c) coffee waste. From the mass-fraction (TG) curves, 

it can be observed that the pyrolysis could consume nearly 70% of the fuel. The heat of 

smouldering (∆𝐻𝑠𝑚) can be calculated by integrating the heat flow curve, which are 23.6 

MJ/kg, 25.7 MJ/kg, and 33.4 MJ/kg for wood waste, organic soil, and coffee waste, 

respectively. Regardless of the oxygen concentration, the mass loss rate rapidly increases 
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at about 250 °C, which can be defined as the pyrolysis temperature. 

Figure 3.2. TGA-DSC results of (a) wood waste, (b) organic soil, and (c) organic waste 

at a heating rate of 30 K/min

The elemental and proximate analysis results are summarized in Table 3.1. It can be 

found that the volatile fraction of these three wastes only shows a slight difference, with 

the largest volatile fraction being observed for coffee waste (80.1%) and the smallest 

fraction for organic soil (70.8%). In terms of elemental analysis, the coffee waste has the 

highest C content of 53.21%, while the wood waste has the highest O content of 59.47%.

In addition, coffee waste has both the highest C/O ratio (1.45) and H/O ratio (0.21).

Table 3.1. Properties of the tested materials

Properties Wood waste Organic soil Coffee waste

Bulk density (kg/m3) 200±10 145±10 420±10

Particle size (mm) 20-40 ~2 < 1

Volatile fraction (%) 78.4 70.8 80.1

Fixed carbon (%) 17.0 23.5 18.8

Ash (%) 4.6 5.7 1.1
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C (%) 36.30 46.09 53.21 

H (%) 3.73 5.75 7.72 

O (%) 59.47 47.46 36.71 

N (%) 0.44 0.47 2.01 

S (%) 0.06 0.23 0.35 

C/O 0.61 0.97 1.45 

H/O 0.06 0.12 0.21 

3.2 Experimental setup 

3.2.1 Smouldering burner 

Two types of smouldering burner are used in this work, a metal-made bigger burner 

and a glass-made smaller burner. Depending on the objectives of each study, different 

burners will be selected. Besides, there are small differences in the dimensions of the 

burners used in different chapters, which is because new implementations and 

modifications are made during the research process to optimize the burners. However, it 

should be emphasized that all the data comparisons shown in this thesis are fair 

comparisons which is generated from the same experimental setup. 

As shown in Figure. 3.2, the metal top-open smouldering reactor had a depth of 20 

cm, an internal diameter of 14 cm, and a thickness of 3 mm. A 1-cm ceramic insulation 

layer was attached to the surface of the reactor to reduce the heat losses. At the bottom of 

the burner, there was a 5-cm deep air mixer to straighten and homogenize the upward 

airflow. The burning area of the reactor and the air mixer were separated by a steel mesh 

and a 4-cm gravel layer. To monitor the smouldering temperature, an array of eight K-

type thermocouples (1-mm bead diameter) was inserted from the sidewall into the 

biomass sample, and their beads were aligned along the reactor axis from 0 cm (bottom) 

to 14 cm (1 cm below the top surface) with an interval of 2 cm.  
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Figure 3.3. Self-designed experimental setup

To better observe the location and intensity of the glowing smouldering front, a 

quartz glass-made smouldering is also used (Chapter 5). The design of the glass burner 

is similar with that of the metal one with differences in size. It had a depth of 20 cm and 

an internal diameter of 10 cm. A 1 cm ceramic insulation layer was attached to the surface 

of the reactor to reduce the heat losses. To straighten and homogenize the air supply from 

the bottom, a steel mesh was placed 3 cm above the bottom of the reactor, and a 2-cm 

gravel layer was poured onto the top surface of the steel mesh. To monitor the temperature 

and trace the position of the smouldering front, an array of five K-type thermocouples 

(1.5 mm bead diameter) was inserted into the fuel along the axis from 0 cm (bottom) to 

12 cm (top) with an interval of 3 cm.

For both burners, a forced oxidizer flow was supplied from the bottom of the reactor, 

and the flow rate was controlled by the flow meter. The oxygen concentration of the input 

oxidizer was modified by adding N2 to the air stream. A coil heater buried in fuel bed was 

used to initiate the smouldering combustion, and a lighter or a spark (as a pilot source) 

was installed at 2 cm above the outlet of the reactor to ignite the smouldering emissions. 

The burner was located at an electrical balance during the whole smouldering process to 

record the real-time mass.

3.2.2 Emission test system

To quantify the emissions from biowaste smouldering, a gas collection and 

measurement system was built, as shown in Figure 3.3a. The emissions were entirely 
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collected using a fume extraction hood located above the reactor. In the extraction hood, 

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 almost constant 

during the tests. Three different kinds of gas species were measured in this study: carbon 

dioxide (CO2), carbon monoxide (CO), and hydrocarbons (CxHy(g)). Detailed 

information for the measurement of each species will be introduced in Chapter 5&7. 

3.2.3 Condensing system 

As a pyrolysis-dominant process, significant liquid (called bio-oil) including the 

condensable organic compounds (tar) and water will be generated from the smouldering 

combustion under controlled airflow (Neves et al., 2011). Thus, a condensation system 

was built to quantify the liquid product from smouldering, as shown in Figure 3.3b. The 

emission from smouldering 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.  

3.3 Experimental procedure 

The smouldering combustion was initiated by the coil heater with the ignition 

protocol at 100 W, which was strong enough to generate a robust smouldering for the dry 

biomass. After forced ignition, a layer of fine and clean gravel with a constant heifht was 

placed on the fuel surface, as shown in Figure 3.3. This fine gravel layer prevented (1) 

the flying ash, (2) flame from flashing back to the smouldering reactor, and (3) the internal 

smouldering-to-flaming transition under a large high airflow rate, and it also provided an 

insulation layer to prevent the flame from directly heating the solid fuel.  

 Meanwhile, the forced oxidizer flow was then fed from the bottom with a prescribed 

flow velocity and oxygen concentration. Afterward, a lighter or a spark near the outlet 

was applied to ignite the emissions released from the smouldering biomass. If the flame 

was successfully piloted and self-sustained, the oxidizer flow velocity and oxygen 

concentration were gradually adjusted to find the limiting conditions. 

Additionally, the experiments were also conducted without a pilot source to quantify 

the characteristics of gas-phase smouldering emissions and the condensed liquid by-

products. The experiments were stopped when all thermocouple measurements were 
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below 200 ℃. For each case, at least three repeating tests were carried out to ensure the 

repeatability of the experiments. During the tests, the ambient temperature (𝑇𝑎) was 23 ± 

2 ℃, and the relative humidity was 50 ± 10%, and the pressure was 1 atm. 

For this thesis, different biowastes, ignition positions, and smouldering time will be 

tested. More detailed information is illustrated in specific chapters. 
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CHAPTER 4 

Limits of Sustaining a Flame above 

Smouldering Woody Biomass   
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4.1 Introduction 

Smouldering is slow, low-temperature, and flameless burning of porous fuels and 

one of the most persistent types of combustion phenomena (Ohlemiller, 1985; Rein, 2014). 

Smouldering is a heterogeneous process sustained when oxygen directly attacks the hot 

fuel surface, which is the dominant burning phenomenon of reactive porous media like 

woods (Anca-Couce et al., 2012; Richter et al., 2021), coals (Melody and Johnston, 2015), 

and organic soils (Huang and Rein, 2016a; Lin et al., 2020). Generally, the combustion 

of the porous media can be approximated as two lumped chemical pathways, namely, 

pyrolysis and oxidation (Lin et al., 2019a; Rein, 2013). Pyrolysis will result in pyrolysis 

gas and char, which are both susceptible to subsequent oxidative reactions (Rein, 2014). 

The oxidation of char leads to smouldering combustion, while the gas-phase oxidation 

leads to flaming combustion (Rein, 2009b).  

Although there are some similarities between flaming and smouldering combustion 

(Lin and Huang, 2021), smouldering is fundamentally different from flaming in terms of 

reaction chemistry and transport processes (Ohlemiller, 1985; Palmer, 1957; Rein, 2014). 

The initiation of smouldering requires a relatively small amount of energy (Lin et al., 

2019a), and it may be sustained at an oxygen concentration as low as 12% and a moisture 

content higher than 100% (Huang et al., 2016; Huang and Rein, 2016a). In general, the 

maximum smouldering temperature ranges from 500 to 800 ℃, depending on the fuel 

types and operation conditions (Rein, 2016), which is much lower than the flame 

temperature (>1100 ℃) (Law, 2010). However, with a rich oxygen supply, the maximum 

smouldering temperature may exceed 1000 °C (Gao et al., 2021; Huang and Gao, 2021), 

causing the smouldering-to-flaming (StF) transition (Santoso et al., 2019) or the co-

existence of smouldering and flaming (Huang and Gao, 2021; Lin et al., 2021b).  

Combustion is considered to be an effective way to remove municipal solid wastes 

(MSW). Incineration, the traditional waste combustion method, has been widely used 

around the world. Over the last few decades, the incineration of waste has been 

investigated mainly from four aspects: (1) combustion characteristics under various 

conditions (Barnes, 2015; Donghoon and Sangmin, 2000; Tarelho et al., 2011), (2) 

cofiring with primary fuel (e.g. coal and natural gas) (Dmitrienko et al., 2018; Tillman, 

2000), (3) incineration emissions (Hasselriis and Licata, 1996; Vainikka et al., 2012; 

Werther, 2007), and (4) incineration residues (Abbas et al., 2003; Łach et al., 2016). 
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Recently, smouldering, as a different combustion process from incineration, has been 

proposed for organic waste removal technology and has been successfully applied in the 

removal of bioliquids (Kinsman et al., 2017; Zanoni et al., 2019b), feces (Fabris et al., 

2017; L Yermán et al., 2017b), sludges (Tarek L Rashwan et al., 2016), and oil shales 

(Marcio F Martins et al., 2010). Compared with incineration, the temperature inside the 

smouldering reactor is much lower (500-800 ℃), which improves the safety of the waste 

removal process. Moreover, such a smouldering-based technology minimizes the 

complex pre-treatment processes and is suitable for different kinds of organic wastes with 

high moisture contents (Tarek L Rashwan et al., 2016; Yermán et al., 2015). In recent 

years, many efforts have also been taken to improve the efficiency of smouldering-based 

waste removal technology (Pironi et al., 2009; Vantelon et al., 2005; L Yermán et al., 

2017a; Yermán et al., 2016a). As oxygen concentration and oxidizer flow velocity are two 

critical parameters that directly affect the amount of oxygen transported to the 

smouldering front, they are crucial to the propagation and efficiency of smouldering 

combustion (Huang and Rein, 2016a; Lin and Huang, 2021; Ohlemiller, 1985; Rein, 2016; 

L Yermán et al., 2017b; Yermán et al., 2016a). Generally, a higher oxygen flow rate and 

concentration can make a more robust smouldering propagation (Lin and Huang, 2021; 

Pironi et al., 2009; Yang et al., 2019). 

On the other hand, as an incomplete combustion process, smouldering generates 

many pollutions, posing severe threats to humans and the environment (Hu et al., 2018). 

The primary smouldering emissions include greenhouse gases (CO2, CH4), toxic 

compounds (e.g., CO, volatile organic carbon (VOC), NH3), and particulate matters (PMs) 

(Michel et al., 2005; Van Der Werf et al., 2006; Wiedinmyer et al., 2006). Specifically, 

smouldering combustion has higher emission factors (EFs) of incomplete combustion 

products, such as CO and CH4 than flaming combustion (Turetsky et al., 2015). And PM 

derived from smouldering combustion varies greatly from PM1 to PM10 (Iinuma et al., 

2007; Tissari et al., 2008). However, most smouldering emissions are still flammable 

because they still contain a large number hydrocarbon pyrolysis gases and CO (H. Wang 

et al., 2021). In contrast, a flame can convert most smouldering emission gases into H2O 

and CO2 (Rein, 2016). By sustaining a flame above the smouldering process not only can 

generate extra heat, but also remove a large portion of flammable and toxic smouldering 

emissions, thus, promoting more efficient and cleaner smouldering applications. However, 

the co-existence of flaming and smouldering on biomass has not been well explored so 
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far, posing a knowledge gap. 

The purpose of this study is to explore whether the emissions from smouldering 

biomass can sustain a robust flame. Considering the oxygen supply is a key parameter of 

smouldering combustion, the critical airflow velocities (4-24 mm/s) and oxygen 

concentrations (14-21%) for the co-existence of smouldering and flaming are quantified 

experimentally and analyzed theoretically. The results are expected to help promote more 

environmentally friendly and energy-efficient smouldering applications. 

4.2 Experimental method  

4.2.1 Setup and fuel preparation  

Wood chips, as representative biomass fuel, were chosen in this experiment (Figure 

4.1). The particle size of the wood chips ranges from 2 mm to 20 mm, with an average of 

12 mm, provided by a local supplier (ECO-Greentech Ltd.). The dry bulk density, solid 

density, and porosity were measured to be 200 ± 10 kg/m3, 600 ± 20 kg/m3, and 0.67, 

respectively. Before the test, the raw wood chips were thoroughly dried in an oven at 90 ℃ 

for 48 h and then stored in a sealed box to avoid the re-absorption of the ambient moisture 

(about 5% on the mass basis).  

The schematic diagram of the experimental setup is also shown in Figure 4.1, and it 

mainly consisted of a tubular smouldering reactor, an ignition system, an oxidizer supply 

system, and two video cameras. The top-open smouldering reactor was made of 3-mm 

thick stainless steel, and it had a depth of 27 cm and an internal diameter of 13 cm. A 1-

cm ceramic insulation layer was attached to the surface of the reactor to reduce the heat 

losses. Initially, a 5-cm sand layer was poured into the bottom of the reactor. Afterward, 

a test sample with a controlled mass of 405 ± 5 g was placed above the sand layer with a 

constant height of 15 cm. To monitor the smouldering temperature, an array of eight K-

type thermocouples (1-mm bead diameter) was inserted from the sidewall into the 

biomass sample, and their beads were aligned along the reactor axis from 0 cm (bottom) 

to 14 cm (1 cm below the top surface) with an interval of 2 cm. To better observe the 

location and intensity of the glowing smouldering front, the glass tubular reactor was also 

used during the tests and was monitored by a side-view camera. 
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Figure 4.1. Schematic diagram of the experimental setup and the photo of wood chips 

samples.

A coil heater buried 1 cm below the surface of wood chips was used to initiate the 

smouldering combustion, and a lighter or a spark (as a pilot source) was installed at 2 cm 

above the outlet of the reactor. A forced oxidizer flow was supplied from the bottom of 

the reactor, and the flow rate was controlled by the flow meter. The oxygen concentration 

of the input oxidizer was modified by adding N2 to the air stream. The experiments were 

performed at various oxygen concentrations (volume fraction, 𝑋𝑂2) ranging from 14% to 

21% and different internal flow velocities (𝑢𝑔) from 4 mm/s to 24 mm/s. Note that the 

flow velocity was an overall value for the porosity of 1, and for the current wood-chip 

bed with a porosity of 0.67, the average velocity through the pores was 4.5 mm/s to 36 

mm/s. The oxidizer flow was homogenized by the 5-cm sand layer below the wood chips. 

A top-view GoPro camera was used to record the experiment.

4.2.2 Experimental procedure

The smouldering combustion was initiated by the coil heater with the ignition 

protocol at 100 W for 15 min, which was strong enough to generate a robust smouldering 

for the dry biomass. After ignition, a layer of fine and clean gravel with a height of 7 cm

was placed on the fuel surface, as shown in Figure 4.1. This fine gravel layer prevented 
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(1) the flying ash, (2) flame from flashing back to the smouldering reactor, and (3) the 

internal smouldering-to-flaming transition under a large high airflow rate, and it also 

provided an insulation layer to prevent the flame from directly heating the solid fuel.  

 Afterwards, the forced oxidizer flow was then fed from the bottom with a prescribed 

flow velocity and oxygen concentration. Afterward, a lighter or a spark near the outlet 

was applied to ignite the emissions released from the smouldering biomass. If the flame 

was successfully piloted and self-sustained, the oxidizer flow velocity and oxygen 

concentration were gradually adjusted to find the limiting conditions. The experiments 

were stopped when all thermocouple measurements were below 200 ℃. For each case, 

at least three repeating tests were carried out to ensure the repeatability of the experiments. 

During the tests, the ambient temperature (𝑇𝑎) was 23 ± 2 ℃, and the relative humidity 

was 50 ± 10%, and the pressure was 1 atm. 

Table 4.1. Average values of peak temperature of 1st stage (Tmax,1) and 2nd stage (Tmax,2), 

duration of 1st stage (∆𝑡1 ) and 2nd stage (∆𝑡2 ), and maximum mass flux of wood 

smouldering ( 𝑚̇𝑚𝑎𝑥′′ ) under different airflow velocities (𝑢𝑎𝑖𝑟) with uncertainties. (𝑚̇𝑔′′ and 

𝑚̇𝑂2
′′  are the mass flux of oxidizer flow and oxygen, respectively.) 

𝑢𝑎𝑖𝑟 

(mm/s) 

𝑚̇𝑔
′′ 

(g/m2∙s) 

𝑚̇𝑂2
′′   

(g/m2∙s) 

Tmax,1 

(℃) 

∆𝑡1 

(min) 
Tmax,2 (℃) 

∆𝑡2 

(min) 

𝑚̇𝑚𝑎𝑥
′′  

(g/m2∙s) 

4 4.8 1.1 465±33 54±3 650±20 386±10 5.3±0.5 

5 6.0 1.4 473±45 44±4 700±22 320±9 8.0±0.6 

7 8.4 1.9 493±23 37±4 788±36 217±10 10.3±0.4 

9 10.8 2.5 514±43 31±2 927±29 178±8 15.0±0.6 

12 14.4 3.3 619±48 26±3 1140±29 113±7 16.8±0.5 

18 21.6 4.9 678±30 18±2 1180±32 76±8 21.4±0.4 

24 28.8 6.6 738±35 15±2 1294±26 71±5 22.7±0.7 

 

Table 4.2. Average values of peak temperature of 1st stage (Tmax,1) and 2nd stage (Tmax,2), 

and duration of 1st stage (∆𝑡1) and 2nd stage (∆𝑡2) under different oxygen concentrations 

(𝑋𝑂2) when 𝑢𝑔=12 mm/s with uncertainties. (𝑚̇𝑔′′ and 𝑚̇𝑂2
′′  are the mass flux of oxidizer 

flow and oxygen, respectively.) 

𝑋𝑂2 (%) 
𝑚̇𝑔
′′ 

(g/m2∙s) 

𝑚̇𝑂2
′′  

(g/m2∙s) 

Tmax,1 

(℃) 
∆𝑡1 (min) Tmax,2 (℃) ∆𝑡2 (min) 
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14 13.5 2.2 581±44 50±4 836±24 184±7 

15 13.6 2.3 588+48 46±3 841±30 157±5 

16 13.6 2.5 597±31 40±4 930±26 149±6 

18 13.7 2.8 610±47 31±5 1015±20 140±10 

21 14.4 3.3 619±48 26±3 1140±29 113±7 

4.3 Results and discussion 

4.3.1 Co-existence of smouldering and flaming  

To show the smouldering process clearly, photos of smouldering in the glass tubular 

reactor are presented. Figure 4.2 (a) shows an example of fire phenomena at a relatively 

low internal airflow velocity of 4 mm/s, where the smouldering combustion was observed, 

but no flame was successfully piloted. Once the electrical heating was applied, a reaction 

front was observed near the top surface, which was hot enough to emit visible light 

(glowing incandescence) (Huang and Gao, 2021). After ignition, there were two 

smouldering propagation stages, namely 1st-stage downward propagation and the 2nd-

stage upward propagation, which were the same as past findings (Huang and Rein, 2019, 

2017; Lin and Huang, 2021; H. Wang et al., 2021).  
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Figure 4.2. Snapshots of combustion phenomena of wood chips under airflow velocity 

of (a) 4 mm/s and (b) 24 mm/s with schematic diagrams.

In the 1st-stage downward propagation, the smouldering front moved as opposed to 

the internal airflow, and its structure included a drying sub-front, a fuel-pyrolysis sub-

front, and a char oxidation sub-front. The endothermic pyrolysis of wood generated the 

gaseous pyrolyzates and solid char as 

Wood
heat

→             
smouldering

𝜈𝑝𝑦Pyrolyzates + (1 − 𝜈𝑝𝑦)Char    (Wood pyrolysis)   (4.1)

Thus, the white smoke was always observed, which was in the form of condensed 

tiny droplets of the pyrolysis gases and water vapor (Lin and Huang, 2021). The pyrolysis 

front was driven by the exothermic char oxidation.
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Char + O2 → Ash+ CO2 + H2O (g) + other gases + Heat  (Char oxidation)   (4.2) 

Note that not all char were oxidized or burnt because only a limited oxygen supply 

was provided from the bottom. This heterogeneous char oxidation produced a mixture of 

hydrocarbons, CO2, and CO (Lin et al., 2021b; Rein et al., 2009). Nevertheless, the 

smouldering emission gases (from both wood-pyrolysis and char-oxidation) cannot be 

piloted to sustain a flame, because under such a low airflow supply, the pyrolysis process 

inside the smouldering front was too weak to release sufficient fuel gases.  

As the smouldering front approached the fuel-bed bottom, it transitioned to the 2nd-

stage upward propagation mode to burn out all the remaining char. Then, the internal 

airflow was in the same direction as the smouldering propagation (i.e., the forward 

smouldering). For forward smouldering, it is essentially a fuel-regression process, where 

the smouldering front moved due to the burnout of fuel (Huang and Gao, 2021; Huang 

and Rein, 2019; Lin and Huang, 2021). The fuel for the 2nd stage propagation was primary 

char, so the char oxidation dominated, where more black smoke was observed. Eventually, 

wood chips were almost burned out and turned into white ash accompanied by a small 

amount of char. During the whole process, no flame could be piloted.  

Figure 4.2(b) displays the burning process (photos and schematic diagram) at a 

higher airflow velocity of 24 mm/s (see Video. S2.2). Compared to the low-flow case in 

Figure 2.2(a), a similar two-stage smouldering propagation was observed, while the 

glowing smouldering front was brighter. More importantly, a flame could be piloted and 

sustained outside the reactor, co-existing with the downward smouldering propagation. 

Therefore, we conclude that flame can co-exist with the intense smouldering biomass 

inside the reactor and burn out almost all smouldering emissions. The oxygen supply to 

the external flame mainly comes from the buoyant flow from the ambient rather than the 

internal flow, because the oxygen of internal flow has been mostly consumed inside the 

smouldering front via char oxidation (H. Wang et al., 2021). 

In the 1st-stage, the wood pyrolysis released large quantities of pyrolyzates (e.g., CO, 

H2, CH4, C2H4, and C2H6) (Eq. 4.1) (Dufour et al., 2008), which were highly flammable 

(Quintiere, 2006a). The mass flux of these flammable pyrolysis gases was controlled by 

the strength of the smouldering (char-oxidation) front which could be intensified by 

oxygen supply. Once the abundant pyrolysis emissions were released, a flame could be 

piloted as 

Smouldering emissions + O2 → CO2 + H2O (g)                           (Flaming)   (4.3) 
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The flame was initially intense with a bright orange color (see Figure 4.2(b)) that 

consumed almost all smouldering emissions during the 1st stage and effectively mitigated 

the pollutants. Afterward, as the smouldering front gradually approached the fuel-bed 

bottom, the flame became weaker and shorter, and it eventually extinguished from the 2nd

stage to the final burnout due to the end of pyrolysis. 

4.3.2 Smouldering temperature

Figure 4.3 shows the time evolution of the smouldering temperature at the airflow 

velocities of (a) 4 mm/s and (b) 24 mm/s of the same tests in Figure 4.2(a-b). The trends 

of the temperature profiles at different airflow velocities are similar, which are 

characterized by two characteristic peak values. The (peak) smouldering temperature of 

the 1st stage (Tmax,1) is usually lower than that of the 2nd stage (Tmax,2), consistent with the 

findings from previous studies (Huang and Rein, 2017; Lin and Huang, 2021; Wang et 

al., 2017). It is because the (1) biomass pyrolysis is endothermic, and (2) additional heat 

is required to maintain a fast propagation front in the 1st stage (Huang and Rein, 2019, 

2017). Afterward, as the pyrolysis front reaches the bottom, only char oxidation exists, 

and the reaction front stays on the bottom, so a higher temperature is observed. 

Figure 4.3. Smouldering temperature profiles at the airflow velocity of (a) 4 mm/s and 

(b) 24 mm/s, where the orange-color shaded area indicates the co-existence of flaming 

and smouldering.

Figure 4.4 further summarizes the average values of the peak temperature of two 

stages (Tmax,1 and Tmax,2) under varying oxygen supply. As expected, both peak 

temperatures increase with the flow velocity and oxygen concentration, because of 

stronger char oxidation. For example, as the airflow velocity increases from 4 to 24 mm/s 

in Figure 4.4(a) and Table 4.1, the 1st-stage peak (Tmax,1) increases from 465 to 738 ℃, 

and the 2nd-stage peak (Tmax,2) increases from 650 to 1294 ℃. However, as the flow 
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velocity continuously increases, their sensitivity to flow decreases, because the cooling 

effect of internal airflow becomes important (Lin et al., 2021a). 

Figure 4.4. Peak smouldering temperatures of two stages vs. (a) flow velocity and (b) 

oxygen concentration, where the error bars show the experimental uncertainty of 

repeating tests.

4.3.3 Critical fuel-burning mass flux 

The burning mass flux (𝑚̇′′) is the mass loss rate per unit area of the fuel, which is 

an important parameter to quantify the combustion limits (Rich et al., 2007). Figure 4.5 

shows the time evolution of the remaining mass fraction and the mass flux of the burning 

of wood under two representative internal airflow rates of (a) 4 mm/s and (b) 18 mm/s. 

Within a shorter period, nearly 60% of the fuel mass is consumed in the 1st-stage 

downward smouldering due to the release of all pyrolyzates. This is also supported by 

TGA results under inert atmosphere (Figure 3.2(a)), where 50-70% wood mass is lost due 

to pyrolysis depending on the final temperature. Although the 2nd char-oxidation 

smouldering stage lasts for a much longer period, the mass loss is smaller than 40%, and 

the burning mass flux remains stable at about 1-2 g/m2∙s until burnout.

At the low airflow velocity of 4 mm/s (Figure 4.5(a)), the maximum mass flux is 

about 4.3 g/m2∙s in the 1st-stage, and the flame of smouldering emission cannot be piloted. 

As the internal airflow velocity is increased to 18 mm/s, the maximum mass flux is 

increased to 22 g/m2∙s. As a result, a flame can be piloted outside when the smouldering 

burning flux reaches about 10 g/m2∙s, co-existing with smouldering (Figure 4.5(b)). The 

solid symbol in Figure 4.5(b) represents the moment of flame ignition, and the hollow 

symbol signifies the moment of flame extinction. The critical mass flux for flame ignition 

is similar to that of flame extinction at about 11 ± 1 g/m2∙s. 
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Figure 4.5. Evolution of fuel mass fraction and mass flux under the internal airflow 

velocity of (a) 4 mm/s and (b) 18 mm/s, where the oxygen concentration is 21%.

Figure 4.6 further summarizes the maximum fuel smouldering mass flux under 

different airflow velocities, as well as the critical mass flux for the co-existence of flaming 

and smouldering. As shown in Figure 4.6, the maximum mass flux increases from 5.3 

g/m2∙s to 22.7 g/m2∙s, as the airflow velocity increases from 4 mm/s to 24 mm/s. However, 

the critical mass flux for piloting a flame on the biomass smouldering emissions or the 

co-existence of flaming and smouldering is almost constant at 11 ± 1 g/m2∙s. Moreover, 

as the airflow velocity is lower than about 6 mm/s, the maximum mass flux is below such 

a critical mass flux required for flame ignition. Therefore, we can also define a minimum 

airflow velocity for the 1st-stage smouldering front to sustain the flame on the 

smouldering emission, that is, 6 mm/s with 21% oxygen concentration.
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Figure 4.6. The maximum mass flux of smouldering burning and the critical mass flux 

for the co-existence of flaming and smouldering vs. the airflow velocity. The error bars 

represent the points for flame ignition (upper boundary) and flame extinction (lower 

boundary), and the lines are the manual fitting curves.

4.3.4 Critical fuel-burning mass flux 

Figure 4.7 shows the durations of two smouldering stages versus airflow velocities 

from 4 mm/s to 24 mm/s. The duration of co-existed flame is also compared, where the 

flame must be stable, and the smoke from smouldering is almost consumed by the flame. 

In general, the durations for all combustion processes decrease, as the airflow velocity 

increases. The rising oxygen supply and oxidation rate increase the smouldering 

temperature, thus, accelerating both the heat-transfer and burning processes (Lin et al., 

2021b). The 1st-stage downward smouldering lasts for a much shorter period than the 2nd-

stage upward propagation. For instance, at the airflow velocity of 7 mm/s, the duration of 

the 2nd smouldering stage (217 min) is about sixfold of the 1st stage (37 min). 

For the duration of flame, it is slightly shorter than that of the 1st smouldering stage, 

because the flame can only be piloted after reaching the critical smouldering mass flux of 

11 ± 1 g/m2∙s. Thus, the flaming duration follows the same trend of 1st-stage smouldering, 

which decreases with the increase of airflow velocity. Specifically, at the airflow velocity 

of 7 mm/s, the flame duration is 25 min, which is 12 min less than the duration of 1st-

stage smouldering. As the airflow velocity increases to 24 mm/s, the flame duration is the 

same as the 1st-stage smouldering, because of an intensive smouldering front.
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Figure 4.7. Duration of the flame and smouldering propagation at different airflow 

velocities, where symbols show the experimental data (with standard deviations), and 

lines are the manual fitting curves.

4.3.5 Effect of oxygen concentration 

The effect of the oxygen concentration on the critical (minimum) flow velocity (𝑢𝑐𝑟𝑡) 

for the co-existence of smouldering and flaming is shown in Figure 4.8. The critical 

oxidizer flow velocity increases significantly as the oxygen concentration decreases. As 

previously shown in Figure 4.6, the critical flow velocity of air (𝑋𝑂2 =21%) required for 

maintaining a flame is 6 mm/s. As the oxygen concentration (𝑋𝑂2) decreases to 18%, 16%, 

15%, and 14%, the critical oxidizer velocity increases to 8 mm/s, 11 mm/s, 18 mm/s, and 

24 mm/s, respectively. By fitting the experimental data in Figure 4.8, we can find an 

empirical correlation for the critical flow velocity (𝑢𝑐𝑟𝑡) and oxygen concentration (𝑋𝑂2) 

for the co-existence of smouldering and flaming as

𝑢𝑐𝑟𝑡 =
0.53

𝑌𝑂2 − 11.6%
(4.4)

where the R2 value is 0.96, showing a good quality of fitting. 

The effect of oxygen concentration on the smouldering temperature is also shown in 

Figure 4.3(b). The peak temperature of the 2nd smouldering stage (Tmax2) increases 

significantly with the oxygen concentration, whereas the 1st smouldering stage 

temperature (Tmax1) is not so insensitive to the oxygen concentration. This is because the 

oxygen has a relatively weak effect on the wood pyrolysis in the 1st stage, while the 2nd-

stage smouldering temperature is dominated by char oxidation. Moreover, increasing 

either the oxygen concentration or flow rate can lead to a stronger and taller flame because 

(1) the pyrolysis process inside the smouldering front becomes stronger (i.e., more 
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gaseous fuels emitted), and (2) the flame becomes partial premixed with the internal flow 

(i.e., some oxygen is not fully consumed in the smouldering front).

Figure 4.8. Critical oxidizer flow velocity (𝑢𝑐𝑟𝑡) for a stable flame under different oxygen 

concentrations (𝑋𝑂2) where the error bars represent the upper and lower boundaries of 

measuring points.

4.4 Theoretical analysis

4.4.1 Limits for flaming  

In the conventional flaming process (e.g., a wood flame), the pyrolysis of wood is 

driven by the flame heat flux and other external heating, and the burning rate can be 

estimated by the mass transfer number (or B number) (Drysdale, 2011; Rich et al., 2007). 

In this work, the pyrolysis of wood chips is driven by the exothermic char oxidation inside 

the smouldering front, making a fundamental difference. To further understand the co-

existence of flaming and smouldering combustion on typical biomass fuels, the limiting 

conditions for both (1) igniting and maintaining a flame and (2) the required smouldering 

front should be quantified. 

To ignite and maintain a flame, a minimum mass flux of fuel gas is required. In the 

fire research community, such limiting conditions are called the “flash point” (to pilot a 

flame) and “fire point” (to maintain a piloted flame) (Drysdale, 2011; Rich et al., 2007). 

The limiting conditions of a robust and stable flame are considered in this research, so it 

is essentially a “fire point.” A simplified heat transfer analysis is proposed for the 

premixed fuel gases and flame, as illustrated in Figure 4.9(a). 
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The flame heat release rate (𝑞̇𝑓′′) by burning the premixed pyrolysis gas should at 

least overcome the heat loss to the environment (𝑞̇∞′′ ) and burner wall (𝑞̇𝑤′′) as  

𝑞̇𝑓
′′ = 𝑚̇𝑝𝑦,𝑐𝑟𝑡

′′ ∆𝐻𝑓 = 𝑞̇∞
′′ + 𝑞̇𝑤

′′ (4.5)

where 𝑚̇𝑝𝑦,𝑐𝑟𝑡′′   is the minimum mass flux of pyrolysis gases; and ∆𝐻𝑓  is the heat of 

flaming combustion. Therefore, a minimum amount of pyrolysis gases should be 

generated to maintain the flame right above the fuel, which is found to range from 2 to 

10 g/m2∙s for PMMA (Rich et al., 2007), wood (Emberley et al., 2017), and peat (Lin et 

al., 2019a). In this research, the smouldering emission (𝑚̇𝑠𝑚′′ ) is also found to be a constant, 

but at a slightly higher value of 11 ± 1 g/m2∙s (see Section 4.3.3 and Figure 4.6). It is 

because the total smouldering emissions also include the less flammable emission from 

char oxidation (𝑚̇𝑠𝑚′′ = 𝑚̇𝑝𝑦′′ + 𝑚̇𝑜𝑥′′ > 𝑚̇𝑝𝑦′′ ), although the pyrolysis gases of wood chips 

inside the smouldering reactor is primary.  

Figure 4.9. The energy balance of (a) flame of a mixture and (b) smouldering front inside 

the reactor.

4.4.2 Limits for smouldering and oxygen supply  

To generate a minimum mass flux of fuel gas for sustaining a flame, the smouldering 

front and char oxidation should be strong enough to drive a strong pyrolysis process. 

Therefore, the limiting condition of sustaining a flame becomes the limiting condition of 

the smouldering front. Then, a simplified heat transfer analysis is also proposed for the 

smouldering front, as illustrated in Figure 4.9(b). 

The smouldering heat release rate (𝑞̇𝑠𝑚′′ ) should first overcome the overall cooling 



42 
 

rate (𝑞̇𝑐′′) as 

𝑞̇𝑠𝑚
′′ ≥ 𝑞̇𝑐

′′                                                                (4.6) 

In general, the smouldering front is cooled by the environment (𝑞̇∞′′ ), reactor wall 

(𝑞̇𝑤′′), and the preheat zone (𝑞̇𝑝𝑟𝑒′′ ). Moreover, it should also ensure strong pyrolysis to 

generate sufficient gaseous fuel (𝑚̇𝑝𝑦,𝑐𝑟𝑡′′ ), which is controlled by the oxygen supply as  

𝑞̇𝑠𝑚
′′ = 𝑚̇𝐹

′′∆𝐻𝑠𝑚 =
𝑚̇𝑝𝑦,𝑐𝑟𝑡
′′

𝜈𝑝𝑦
∆𝐻𝑠𝑚 = 𝑚̇𝑂2,𝑐𝑟𝑡

′′ ∆𝐻𝑜𝑥 = 𝜌𝑔𝑌𝑂2𝑢𝑐𝑟𝑡∆𝐻𝑜𝑥           (4.7𝑎) 

where 𝜈𝑝𝑦 is the stoichiometric coefficient of pyrolysis gas in Eq. (4.1); 𝑚̇𝑂2,𝑐𝑟𝑡
′′  is the 

critical mass flux of oxygen; 𝜌𝑔, 𝑌𝑂2 and 𝑢𝑐𝑟𝑡 are the density, oxygen mass fraction, and 

critical velocity of the supplied oxidizer flow, respectively. By reorganizing, we have  

𝑢𝑐𝑟𝑡 =
𝑚̇𝑝𝑦,𝑐𝑟𝑡
′′ ∆𝐻𝑠𝑚

𝜈𝑝𝑦𝜌𝑔∆𝐻𝑜𝑥𝑌𝑂2
∝
1

𝑌𝑂2
                                               (4.8𝑎) 

Therefore, the critical opposed flow velocity for the co-existence of flaming and 

smouldering combustion is inversely proportional to the oxygen concentration, which 

explains the overall trend of experimental data in Figure 4.8. 

As seen from Figure 4.9 and Eq. (4.8), by decreasing the oxygen concentration, the 

required opposed flow velocity will dramatically increase to maintain an independent 

flame outside the smouldering reactor. However, as the flow velocity continuously 

increases, its direct cooling effect on the smouldering front can no longer be ignored. 

Eventually, smouldering will be blown off by a fast and oxygen-lean flow (Huang and 

Gao, 2021; Lin et al., 2021a). The cooling of oxidizer flow could be considered as a 

reduction in the heat of oxidation as 

𝑚̇𝑝𝑦,𝑐𝑟𝑡
′′

𝜈𝑝𝑦
∆𝐻𝑠𝑚 = 𝑚̇𝑂2,𝑐𝑟𝑡

′′ ∆𝐻𝑜𝑥 − 𝑞̇𝑓𝑙𝑜𝑤
′′                                    (4.7𝑏) 

where the cooling effect of internal flow is reflected by the increase of flow enthalpy after 

passing through the smouldering front as  

𝑞̇𝑓𝑙𝑜𝑤
′′ = 𝑣𝑒𝑚𝜌𝑔𝑢𝑐𝑟𝑡𝑐𝑝(𝑇𝑠𝑚 − 𝑇∞)                                        (4.9) 

where 𝑣𝑒𝑚 is the stoichiometric coefficient of emission gases. Thus, there is minimum 

oxygen concentration (𝑌𝑂2,𝑚𝑖𝑛), below which the gas flow through the smouldering front 

become a net cooling (𝑚̇𝑂2,𝑐𝑟𝑡
′′ ∆𝐻𝑜𝑥 − 𝑞̇𝑓𝑙𝑜𝑤

′′ = 0). From Eq. (4.7a), we can derive   

𝑌𝑂2,𝑚𝑖𝑛 =
𝑣𝑒𝑚𝑐𝑝(𝑇𝑠𝑚 − 𝑇∞)

∆𝐻𝑜𝑥
                                           (4.10) 

By re-arranging Eq. (4.7b), we have 
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𝑢𝑐𝑟𝑡 =
𝑚̇𝑝𝑦,𝑐𝑟𝑡
′′ ∆𝐻𝑠𝑚

𝜌𝑔𝜈𝑝𝑦∆𝐻𝑜𝑥(𝑌𝑂2 − 𝑌𝑂2,𝑚𝑖𝑛)
=

𝐶

(𝑌𝑂2 − 𝑌𝑂2,𝑚𝑖𝑛)
              (4.8𝑏) 

where 𝐶 = 𝑚̇𝑝𝑦,𝑐𝑟𝑡′′ ∆𝐻𝑠𝑚/𝜈𝑝𝑦𝜌𝑔∆𝐻𝑜𝑥 is a fuel-related constant. Based on experimental 

data in Figure 4.8 and Eq. (4.4), we can find that for the current fuel of wood chips, 𝐶 =

0.53 [mm/s] and 𝑌𝑂2,𝑚𝑖𝑛 ≈ 11.6%. 

On the other hand, if the forced oxygen supply is removed, there could still be a 

natural oxygen supply, driven by a minimum buoyancy and diffusion flow (𝑢diff) when 

the fuel is exposed to the ambient. In that case, there could also be an upper limit of the 

critical oxygen concentration, above which the co-existence of flaming and smouldering 

is guaranteed, even if under a very small natural diffusion flow. In the future, more 

experiments and numerical simulations can be conducted for different fuel types, flow 

compositions, and environmental conditions to explore the co-existence of flame and 

smouldering and further verify the limiting conditions. 

4.5 Concluding remarks 

In this work, we successfully verify that (1) the smouldering emission of biomass 

can be piloted to sustain a flame and (2) flame can co-exist with smouldering combustion. 

With the smouldering ignition from the top and the flow from the bottom, the smouldering 

front first propagates downwards (1st-stage opposed smouldering) to the fuel-bed bottom 

and then propagates upward (2nd-stage forwards smouldering). The flame could only be 

piloted and self-sustained in the 1st-stage smouldering because of an intense pyrolysis 

process within the smouldering front. The critical smouldering burning mass flux for 

maintaining a stable flame remains constant at 10-12 g/m2∙s.  

The co-existence of flaming and smouldering depends on the oxygen supply to the 

smouldering front, which is verified by theoretical analysis. The minimum opposed flow 

velocity required to maintain the stable flaming increases from 6 mm/s to 24 mm/s, as the 

oxygen concentration decreases from 21% to 14%. Moreover, increasing oxygen supply 

enhances the flame intensity and height, but the flame duration is reduced due to the 

accelerated burning processes. This work enriches strategies for the clean treatment of 

smouldering emissions and promotes an energy-efficient and environment-friendly 

method for biowaste removal.   
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CHAPTER 5 

Smouldering-based Organic Waste 

Removal with Smoke Emissions 

Cleaned by a Self-sustained Flame  
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5.1 Introduction 

Smouldering is slow, low-temperature and flameless burning of porous fuels, which 

is a heterogeneous oxidative process sustained by the heat evolved when oxygen directly 

attacks a hot fuel surface and is different from flaming combustion in terms of transport 

processes and time scales (Ohlemiller, 1985; Rein, 2014). Once ignited, smouldering can 

survive in extreme conditions (e.g. with poor oxygen supply and high fuel moisture) and 

is the primary burning phenomenon of condensed-phase reactive porous media such as 

wood (Ohlemiller, 1991; S. Wang et al., 2021), incense (Lin et al., 2021a), peat (Huang 

and Rein, 2016a), cotton (Xie et al., 2020), and coal (Wu et al., 2015). Smouldering is the 

leading cause of casualties and injuries in residential fires, industrial fires and natural fires 

(Quintiere, 2006b), but recent innovative developments (Hernandez-Soriano et al., 2016; 

Xin et al., 2021) have potentially revealed its wide application prospects.  

In recent years, smouldering combustion has become one of the attractive 

alternatives for organic waste removal (Rashwan et al., 2021; Torero et al., 2020) that has 

been successfully applied in small- and large-scale tests to remove organic wastes with 

high moisture content like bioliquid (Kinsman et al., 2017; Zanoni et al., 2019b), feces 

(Fabris et al., 2017; L. Yermán et al., 2017), wastewater sludge (Feng et al., 2021; 

Rashwan et al., 2021), and oil shale (Marcio F Martins et al., 2010). For example, Yerman 

et al. (Tarek L. Rashwan et al., 2016; Yermán et al., 2015) showed that self-sustained 

smouldering could be achieved in feces with moisture contents up to 70%. Rahwan et al. 

(Tarek L. Rashwan et al., 2016) reported that robust smouldering in sludge could be 

sustained with a lower heating value of 1.6 MJ/kg. Also, many efforts have been also 

taken to improve the efficiency of smouldering-based waste removal technology, such as 

enhancing the oxygen supply (Pironi et al., 2009; Vantelon et al., 2005; L Yermán et al., 

2017a; Yermán et al., 2016b) and adding sand to create a porous matrix (Switzer et al., 

2014; L. Yermán et al., 2017).   

On the other hand, toxic emissions from smouldering-based removal technology 

may pose severe threats to human health and environmental quality, which is a major 

public concern that limits its further promotion and application. Smoke produced by 

smouldering is mainly comprised of CO2, CO, CH4, HCN, NOx, volatile organic 

compounds (VOCs) and particulate matter (PM) (Hu et al., 2018; Ravindra et al., 2019). 

Among them, CO2 and CH4 are the most significant greenhouse gases which accelerate 
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the global warming. NOx and VOCs (including a wide range of hydrocarbons, 

halocarbons and oxygenates) are the major precursors of O3 and secondary organic 

aerosol (SOA) after complex photochemical processes (Urbanski et al., 2008). CO 

exposure can lead to health effects of human being, and even causes death. PMs emitted 

from smouldering, ranging from PM1 to PM 10, is the key factor for causing haze episodes 

and can cause respiratory disease and induce cancer of people (Hu et al., 2018). Thus, 

with the fast-growing demand for clean environment and sustainable development, it is 

urgent to deepen our understanding and develop new strategies to mitigate the pollution 

of smouldering-based removal technology. 

Considering that smouldering emissions are flammable, owing to the existence of 

large amounts of unburnt hydrocarbons, our previous work has proposed a novel method 

to clean the toxic smoke via igniting these smouldering emissions (Chen et al., 2023). As 

shown in Figure 3.1, a flame that combusts the smouldering emissions can co-exist with 

the smouldering combustion of wood wastes underneath with an appropriate air supply. 

However, whether the fuel type affects the critical conditions and the efficiency for a 

flame to purify the smouldering emissions is still unknown, posing a significant 

knowledge gap. 

Therefore, the main purpose of this study is to explore the impacts of fuel types on 

the smouldering characteristics and the critical conditions for maintaining a flame to 

purify the smouldering emissions. The experiments were conducted with three different 

organic wastes, including coffee waste, wood waste, and organic soil (simulated sludge) 

at airflow velocities from 3 mm/s to 24 mm/s. During the tests, smouldering emissions 

were measured with and without purification of flame to quantify the efficiency of 

pollution mitigation. The results obtained from this study will be helpful for the 

development of organic waste treatment by using smouldering combustion in an 

environmentally friendly and energy efficient way. 
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Figure 5.1. Co-existence of smouldering and flaming of the wood waste (Chen et al., 

2023): (a) experimental phenomenon, (b) schematic diagram, and (c) reaction paths.

5.2 Methods

5.2.1 Organic waste samples 

Wood waste, coffee waste and organic soil were selected as representative biowaste 

and food waste as well as sludge, as shown in Figure 3.1. Initially, all the fuel samples 

were oven-dried at 90 oC for 48 h, and their moisture contents were measured to be <8% 

when reaching a new equilibrium with ambient moisture. The main properties of the three 

fuel samples are compared in Table 3.1, with clear differences in terms of density and 

particle size. In particular, the density of coffee waste is measured to be 420 kg/m3, which 

is much larger than that of wood waste (200 kg/m3) and organic soil (145 kg/m3), while 

the particle size of it is the smallest, which is less than 1 mm (20-40 mm for wood waste 

and ~2 mm for organic soil). On the other hand, the volatile fraction of these three wastes 
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only shows a slight difference, with the largest volatile fraction being observed for coffee 

waste (80.1%) and the smallest fraction for organic soil (70.8%). In terms of elemental 

analysis, coffee waste had both the highest C/O ratio (1.45) and H/O ratio (0.21). The 

thermal analysis for all the samples was conducted with a PerkinElmer STA 6000 STA 

and the representative TG-DSC data are shown in Figure 3.2.  

5.2.2 Experimental setup  

The experimental setup was upgraded from our previous device in Chapter 4 (Chen 

et al., 2023), which included a cylindrical smouldering reactor, an electrical balance, an 

ignition system, an air supply system, and an emission test system, as illustrated in Figure 

5.2. The open-top reactor was made of 3-mm thick quartz glass, and it had a depth of 20 

cm and an internal diameter of 10 cm. A 1 cm ceramic insulation layer was attached to 

the surface of the reactor to reduce the heat losses. To straighten and homogenize the air 

supply from the bottom, a steel mesh was placed 3 cm above the bottom of the reactor, 

and a 2-cm gravel layer was poured onto the top surface of the steel mesh. Afterwards, a 

test sample was placed on the gravel layer with a constant height of 14 cm. To monitor 

the temperature and trace the position of the smouldering front, an array of five K-type 

thermocouples (1.5 mm bead diameter) was inserted into the fuel along the axis from 0 

cm (bottom) to 12 cm (top) with an interval of 3 cm.  

A coil heater buried 1 cm below the top of the fuel surface was used to initiate the 

smouldering combustion, and a lighter (as a pilot source) was installed at 2 cm above the 

outlet of the reactor to ignite the smouldering emissions. A forced airflow was supplied 

from the bottom end of the reactor, and the airflow rate was controlled by a flow meter. 

The experiments were performed at various airflow velocities (𝑢) ranging from 3 mm/s 

to 24 mm/s.  

The emissions were entirely collected using a fume extraction hood located above 

the reactor (Figure 5.2). In the extraction hood, two 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 0.017 ± 0.005 m3/s during the tests. 

Three different gas species were measured in this study: carbon dioxide (CO2), carbon 

monoxide (CO), and unburnt hydrocarbons (HC). After collecting the PM emissions 

using a quartz filter, CO and CO2 were measured concurrently by a TSI 7575 Gas 

Analyzer, and the unburnt HC was measured by SKY2000 Portable Gas Analyzer. 
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Figure 5.2. Schematics of the experimental setups for (a) smouldering waste removal 

without smoke emission removal, and (b) smouldering waste removal with smoke 

emission removed by flame. 

5.2.3 Experimental procedure

The ignition protocol involved setting the pilot heating rate to 100 W for 2 min, 

which was strong enough to initiate robust smouldering combustion of dry biomass. After 

forced ignition, a layer of fine and clean gravel with a height of 3 cm was placed on the 

fuel surface (Chen et al., 2023), and the forced airflow was fed from the bottom of the 

reactor with a prescribed flow velocity. Initially, the experiments were conducted without 

a pilot source to quantify the characteristics of smouldering emissions, as shown in Figure 

5.2a. Afterward, a fresh sample was tested under the same airflow velocity, but a pilot 

source was applied, aiming to ignite the smouldering emissions, as shown in Figure 5.2b. 

Meanwhile, the emissions purified by the flame were also quantified and compared with 

those without flame. 

All the experiments were stopped when all thermocouple measurements were below 

200 ℃. For each case, at least two tests were carried out to ensure the repeatability of the 

experiments. During tests, the ambient temperature (𝑇𝑎) was 23 ± 2 ℃, relative humidity 

was 50 ± 10%, and pressure was 1 atm.
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5.3 Results and discussion 

5.3.1 Phenomena of co-existence of smouldering and flaming 

Figure 5.3 shows an example of the combustion phenomenon of the wood waste at 

a relatively large airflow velocity of 18 mm/s. Similar to our previous findings (Chen et 

al., 2023), once ignited on the top, the smouldering front first propagated downward (1st

stage, opposed). As the smouldering (glowing) front approached the fuel-bed bottom, it 

transitioned to the upward propagation (2nd stage, forward). More importantly, under such 

a large airflow velocity, the smouldering emissions from the 1st downward spread stage 

could be ignited and sustained a stable flame because the pyrolysis process dominated in 

this stage where a large number of flammable pyrolyzates were emitted. However, the 

flame can no longer be maintained at the 2nd stage until burnout because the pyrolysis 

process was almost finished at the first stage.

Figure 5.3. Combustion phenomenon of wood waste with a bottom airflow velocity of u 

= 18 mm/s.

5.3.2 Smouldering temperature and spread rate 

Figure 5.4 shows the smouldering temperature evolutions of wood waste, coffee 

waste, and organic soil at the airflow velocities of 18 mm/s. In general, the temperature 

profiles of different organic wastes are similar, showing two characteristic peak values. 

These two peaks correspond to the two smouldering stages as shown in Figure 5.3, that 

is, 1st downward (opposed) spread, and 2nd upward (forward) spread. The peak 

temperature of the 1st stage (Tmax,1) is usually lower than that of the 2nd stage (Tmax,2), 

consistent with the major findings from previous studies (Huang and Rein, 2017; Lin and 

Huang, 2021). It is because fuel pyrolysis dominates the 1st stage, which is an 

endothermic process. Then, additional heat is required to maintain fast propagation of the 
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flame front.  

After the pyrolysis front reaches the fuel bottom, only char oxidation exists, which 

is an exothermic process. Thus, higher temperatures can be observed. As airflow is 

applied from the bottom, the reaction front stays at the bottom, and the fuel starts to 

regress with the burnout of the char. Therefore, at the 2nd stage, the temperature near the 

bottom is highest. Figure 5.5a shows the mean peak temperatures of three organic wastes 

at two stages at different airflow velocities. Generally, both peak temperatures increase 

with the airflow velocity because of stronger char oxidation, especially at the 2nd stage. 

Furthermore, the temperature was also found not to be very sensitive to waste types, 

where the peak temperatures of organic soil at both stages are slightly lower than those 

of the other two wastes. This may be because the density of organic soil is much smaller, 

causing less heat generated per fuel volume.  
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Figure 5.4. Smouldering temperature profiles of (a) wood waste, (b) organic soil, and (c) 

coffee waste under the bottom airflow velocity of u = 18 mm/s.

Figure 5.5b shows the average spread rate of smouldering front versus airflow 

velocity. The average spread rate is calculated based on thermocouple readings. 

Specifically, the duration of 1st stage is determined by tracking the moments when the 

bottom thermocouple (0 cm) reaches its first peak temperature, while the duration of the 

2nd stage is determined as the moments when all thermocouples are lower than 200 ℃. 

As shown in Figure 5.5a, for all the fuels, the smouldering spread rates at both 

smouldering stages increase with the airflow velocity. As the airflow velocity increases, 

the oxidation rate increases that accelerates both the heat-transfer and burning processes 
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that promote the propagation of the smouldering front. More importantly, it was found 

that the smouldering spread rates of coffee waste are significantly lower than those of 

other wastes, especially at the 1st stage. This may be because of its smaller thermal 

diffusivity (𝛼 = 𝑘 𝜌𝑐⁄ ) resulting from a larger fuel density that could delay the rate of 

heat transfer (Incropera, 2007), thus slowing the propagation of the smouldering front. 

Figure 5.5. (a) Peak smouldering temperatures and (b) average smouldering propagation 

rates of different organic wastes at two stages for different airflow velocities. Symbols 

show the experimental data (with standard deviations), lines are the manual fitting curves,

yellow shading show the temperature region of the 1st stage, and blue shading show the 

temperature region of the 2nd stage.

5.3.3 Smouldering burning flux

The smouldering burning flux (𝑚̇′′) is the mass loss rate per unit area of the fuel, 

where the area of the fuel is determined by the inner diameter of the burner. These 

emission gases include both the pyrolysis gases and char-oxidation emissions, as 

illustrated in Figure 5.1c.  Figure 5.6a-c shows the time evolution of the smouldering 

burning flux and remaining mass fraction of three organic wastes at a representative 

airflow velocity (𝑢 = 18mm/s ). The profiles of the burning flux of different organic 

wastes are similar: during the 1st stage, the burning flux increases rapidly, reaching a peak 

value. Afterwards, it dramatically decreases and remains stable at about 1-2 g/m2∙s during 

the 2nd stage until burnout occurs. For all the fuels, about 60%-70% of the mass is 

consumed at the 1st stage due to the release of pyrolyzates, consistent with the volatile 

contents reported in Table 3.1. Moreover, it can be found that the total fuel consumption 

through smouldering can reach over 90%. 

Figure 5.6d compares the average burning fluxes of different organic wastes at 
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different airflow velocities. In general, the average burning flux increases with the airflow 

velocity. However, it can be observed that the average burning flux of wood waste is 

slightly larger under a certain airflow velocity, while the burning flux of organic soil is 

the smallest. For example, at 𝑢 = 24 mm/s, the average burning flux of wood waste is 

22 g/m2∙s, which is about 5 g/m2∙s greater than that of organic soil and 2 g/m2∙s larger

than that of coffee waste. 

Figure 5.6. Evolution of fuel mass fraction remaining and smouldering burning flux of 

(a) coffee waste, (b) wood waste, and (c) organic soil at the airflow velocity of 18 mm/s; 

and (d) the average smouldering burning flux versus the airflow velocity, where the error 

bars (SE = 𝜎/√𝑛, where n=2) show uncertainty of repeated tests.

Considering a 1-step global smouldering reaction, the smouldering burning flux (𝑚̇𝐹′′) 

could be approximated as

𝑚̇𝐹
′′ =

𝑚̇𝑜𝑥
′′

𝑣
=
𝜌𝑜𝑥𝑢

𝑣
= 𝜌𝐹𝑆𝑠𝑚 (5.1)

where 𝑚̇𝑜𝑥′′ is the rate of oxygen supply, 𝑣 is the stoichiometric coefficient, 𝜌𝑜𝑥 is the 

density of oxygen, 𝑢  is the airflow rate, 𝜌𝐹  is the density of fuel and 𝑆𝑠𝑚  is the 

smouldering propagation rate. Therefore, the smouldering burning flux increases as the 

airflow velocity increases, successfully explaining the increasing trend in Figure 5.6d. 
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Also, among these three organic wastes, Eq. (5.1) could also explain the maximum 

burning flux of wood waste, as it has a maximum smouldering propagation rate (see 

Figure 5.5b) and moderate fuel density (Table 3.1).  

5.3.4 Emissions characteristics 

The mass flux of gas emissions (𝑚̇𝑖′′, g/m2 ∙ s) is defined as the average mass flow 

rate per area (Hu et al., 2019). In this work, the transient mass fluxes of three gases: CO2, 

CO, VOCs (mainly hydrocarbons), were calculated as 

𝑚̇𝑖
′′(𝑡) =

𝜌𝑖∆𝑋𝑖(𝑡)𝑉̇ × 10
−3

𝐴
                                                (5.2) 

where 𝜌𝑖 is the density of species i, which is calculated based on the assumptions of the 

ideal gas law (kg/m3), ∆𝑋𝑖(𝑡) is the real-time concentration of the species i (ppm), which 

is calculated as 𝑋𝑖−𝑝𝑙𝑢𝑚𝑒 − 𝑋𝑖−𝑎𝑚𝑏𝑖𝑒𝑛𝑡, 𝑉̇ is the volume flow rate in the duct (m3/s), and 

A is the cross-sectional area of the smouldering burner (m2).  

Figure 5.7(a-c) show the maximum mass fluxes of CO2, CO, and VOCs from the 

smouldering of the three organic wastes at different airflow velocities, where the detailed 

time evolutions could be found in Figure 5.11. In general, the maximum flux of each gas 

shows an increasing trend with the airflow velocity, and the mass flux of CO2 is the largest 

among the three measured gases. Furthermore, at a certain airflow velocity, organic soil 

has a maximum mass flux of CO2, but minimum mass fluxes for CO and VOCs. On the 

other hand, for coffee waste, it has a minimum mass flux of CO2, but a maximum mass 

flux of VOCs. 

The ∆CO/∆CO2 ratio (also known as the modified combustion efficiency, which is 

expressed as MCE= ∆CO2/(∆CO+∆CO2) ) is an important index in describing 

combustion completeness (Hu et al., 2018), which can also indicate the type of pollutants 

emitted. Therefore, Figure 5.8 further compares the ∆CO/∆CO2 ratios and MCE with 

and without the purification of flame to demonstrate the efficiency of pollution mitigation. 

Figure 5.8a shows that the ∆CO/∆CO2ratio for different organic wastes without flame 

purification is above 0.25. However, if a flame is applied above the smouldering front, 

the ∆CO/∆CO2 ratio decreases dramatically to be below 0.05, which drops by more than 

90%. Figure 5.8b shows that the MCEs of smouldering for all organic wastes are lower 

than 0.8, while increasing to above 0.9 after a flame is supplied. Figure 5.8c shows that 

in smouldering emission, ΔVOCs/ΔCO2 ratios for all organic wastes are lower than 0.2. 
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The production of VOCs from smouldering organic soil is much smaller, proving that its 

emission is much less flammable. On the other hand, with purification of flame, almost 

all VOCs is consumed in the flame, and the ΔVOCs/ΔCO2 ratios in final emission are 

less than 0.0005. Therefore, this newly developed method can successfully alleviate the 

pollutions of the smouldering-based waste removal technology with a satisfactory 

efficiency of pollution mitigation.

Figure 5.7. Maximum mass flux of (a) CO2, (b) CO, and (c) VOCs from the smouldering 

of different organic wastes at airflow velocities from 3-24 mm/s where the error bars 

(SE = 𝜎/√𝑛, where n=2) represent the standard deviations.

Figure 5.8. Comparison of (a) ∆CO/∆CO2, (b) MCE, and (c) ΔVOCs/ΔCO2 with and 

without flame purification at u=18 mm/s where the error bars (SE = 𝜎/√𝑛, where n=2) 

represent the standard deviations.

5.3.5 Criteria for sustaining a flame on the smouldering emissions

The first column of Figure 5.9 shows the time evolution of the burning flux for coffee 

waste, wood waste, and organic soil under different airflow velocities. For all the organic 

wastes, the peak burning flux appears at the 1st stage under all airflow conditions. The 

second column of Figure 5.9 further summarizes the maximum smouldering burning 

fluxes at different airflow velocities, as well as the minimum burning flux for maintaining 

a flame. Herein, the solid symbols represent the conditions where the flame can be piloted 

and co-exists with smouldering, while the hollow symbols signify the conditions where 
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only smouldering can exist. 

Figure 5.9. Evolution of the burning flux for (a) coffee waste, (c) wood waste, and (e) 

organic soil under various airflow velocities. The maximum smouldering burning flux 

versus the airflow velocity of (b) coffee waste, (d) wood waste, and (f) organic soil, where 

the error bars (SE = 𝜎/√𝑛, where n=2) show test uncertainty.

The minimum burning flux of coffee waste (Figure 5.9b), wood waste (Figure 5.9d), 

and organic soil (Figure 5.9e) that is necessary to maintain a stable flame of their 

smouldering emissions are 7±1 g/m2∙s, 11±1 g/m2∙s, 17±2 g/m2∙s, where the minimum 

airflow velocities required to reach such a minimum burning flux are 3.5±0.5 mm/s, 6±0.5 

mm/s, and 13.5±1.5 mm/s, respectively. Thus, with the smallest required burning flux and 

airflow velocity to sustain a flame, the smouldering emissions of coffee waste may be 

easier to be purified by this newly developed method. 

Moreover, as shown in Figure 5.9, the flame of the coffee waste emissions is dark 

orange, while the flame of the wood waste emissions is bright orange. However, the flame 
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of the organic soil emissions is quite different from the other two fuels, which appears to 

be blue accompanied by red sparks. The red sparks are caused by the flaming of organic 

soil particles which are blown out by the airflow. The difference in the flame colour may 

be owing to the different flammable components that existed in their smouldering 

emissions.

To ignite and maintain a flame, a minimum mass flux of fuel gas is required. In this 

study, the fuel gas in the smouldering emissions is simplified to a mixture of VOCs 

(mainly hydrocarbons) and carbon monoxide (CO), which have been proved to be the 

main flammable gas species in the smouldering emissions (Hu et al., 2020, 2019). Thus, 

the equivalent mass flux of flammable gas emissions (𝑚̇𝑓′′) becomes:

𝑚̇𝑓
′′ =

∆𝐻𝐻𝐶 ∙ 𝑚̇𝐻𝑐
′′ + ∆𝐻𝐶𝑂 ∙ 𝑚̇𝐶𝑂

′′

∆𝐻𝐻𝐶
(5.3)

where ∆𝐻HC is the heat of combustion of hydrocarbons, ∆𝐻CO is the heat of combustion 

of CO, 𝑚̇HC′′ and 𝑚̇CO′′ are the mass fluxes of hydrocarbons and CO, respectively.

Figure 5.10. The maximum mass flux of flammable components in smouldering 

emissions versus the airflow velocity, where the error bars (SE = 𝜎/√𝑛, where n=2) show 

the experimental uncertainty of repeated tests.

Figure 5.10(a) summarizes the maximum mass flux of flammable gas emissions 

from three different organic wastes at different airflow velocities. For each organic waste, 

the maximum 𝑚̇𝑓′′  increases with airflow velocity (u). The 𝑚̇𝑓′′  of coffee waste is the 

largest, while the 𝑚̇𝑓′′ of organic soil is the smallest. For example, as the airflow velocity 

increases from 4 to 24 mm/s, the maximum 𝑚̇𝑓′′ of coffee waste increases from 0.68 to 
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2.2 g/m2∙s, while the maximum 𝑚̇𝑓′′ of organic soil increases from 0.11 to 1.27 g/m2∙s. 

More importantly, the minimum mass flux of flammable gas emissions (𝑚̇𝑓,𝑐𝑟𝑡′′ ) of about 

5 g/m2∙s could be found to sustain a flame of the emissions. To reach such a critical mass 

flux, a much larger airflow velocity smouldering (about 14 mm/s) is required for organic 

soil compared with another two organic wastes. These consistent with the critical airflow 

velocity we observed in Figure 5.9. 

5.4 Concluding remarks 

In this work, we successfully apply a newly developed method to purify the toxic 

and pollutant emissions from the smouldering-based removal of coffee waste, wood waste 

and simulated sludge (organic soil) via igniting a flame above the smouldering front. 

Once the smouldering front is ignited from the top fuel surface, it first propagates 

downwards to the fuel-bed bottom and then propagates upwards. The flame could only 

be piloted and self-sustained at the 1st stage owing to an intense pyrolysis process. The 

efficiency of pollution mitigation is demonstrated by significantly lower CO and VOCs 

emission (with ΔCO/ΔCO2<0.05 and ΔVOCs/ΔCO2 <0.0005) after purification by self-

sustained flame. The equivalent critical mass flux of flammable gases required for 

igniting the smouldering emissions is 0.5 g/m2∙s, regardless of the biomass fuel types. 

The smouldering temperature, propagation rate and burning flux are all increased 

with the airflow velocity but are also slightly sensitive to the fuel type. This work 

demonstrates the applicability of this newly developed waste removal technology and 

demonstrates its efficiency of pollution mitigation, thus further enriching strategies for 

the clean treatment of smouldering emissions and promoting an energy-efficient and 

environmentally friendly method for biowaste removal. Future work will determine the 

effect of fuel moisture content and operational conditions on the critical conditions of 

flame purification. 

5.5 Appendix 
Figure 5.11 shows the evolution of the transient mass flux of CO2, CO, and unburnt 

HC from the smouldering of different organic wastes at a representative airflow velocity 

of 18 mm/s. The mass fluxes of gas species peak at the 1st smouldering stage where 60% 

fuel mass is consumed, as shown in Figure 5.6. 
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Figure 5.11. Evolution of mass flux of gas species from smouldering of (a) coffee waste, 

(b) wood waste, and (c) organic soil at u=18 mm/s.

The transient emission factor (𝐸𝐹𝑖, g/kg) for gas species is calculated through Eq. 

(5.4) 

𝐸𝐹𝑖(𝑡) =
𝑚̇𝑖
′′(𝑡)

𝑚̇′′(𝑡)
× 103 (5.4)

where 𝑚̇′′(𝑡) is the fuel burning flux, and 𝑚̇𝑖′′(𝑡) is the mass flux of smouldering gas 

emissions.

Figure 5.12 shows the time evolutions of emission factors of CO2, CO, and unburnt 

HC under two representative airflow velocities of 4 mm/s and 18 mm/s. Generally, the 

EFs of all gas species increase dramatically with the airflow velocity. Taking organic soil 

as an example, the maximum EF of CO2 increases from 1300 to 3000 g/kg as the airflow 

velocity increases from 4 to 18 mm/s. EFs of CO2 and CO show a similar increasing trend 

with time, both of which are small during the 1st stage and increase at the 2nd stage. For 

example, as shown in Figure 5.12(c), the average EF of organic soil during the 1st stage 

is about 50 g/kg and increases to about 200 g/kg at the 2nd stage. Moreover, both EFs of 

CO2 and CO increase dramatically in the burnout stage, which is mainly due to the rapid 

decrease of the 𝑚̇′′(𝑡). The evolution of the EF of unburnt HC is quite different from that 

of CO2 and CO. Figure 5.12(e, f) show that EF of unburnt HC usually peaks at the 1st

stage which is dominated by fuel pyrolysis. Comparatively, the wood waste and organic 

soil have larger EFs of CO2 and CO than coffee waste, while coffee waste has a much 

larger EF-unburnt HC. For example, the EF-unburnt HC of coffee waste can reach about 

250 g/kg at u=18 mm/s, which is 10 times that of organic soil.
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Figure 5.12. Transient emission factors of CO2, CO, and unburnt HC from the 

smouldering of different fuels at a low airflow velocity of 4 mm/s and a high airflow 

velocity of 18 mm/s. Mean of mass flux (line with symbol) and values of range (cloud) 

from the repeated experiments are shown.
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CHAPTER 6 

Clean Smouldering Biowaste 

Process: Effect of Burning 

Direction on Smoke Purification by 

Self-Sustained Flame   
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6.1 Introduction 

Smouldering is low-temperature, flameless, and persistent burning of porous fuels, 

which is different from flaming in terms of transport processes and time scales 

(Ohlemiller, 1985; Rein, 2014; Torero et al., 2020). Fundamentally, smouldering is a 

heterogeneous oxidative process sustained when oxygen molecules directly attack a hot 

charring surface, so it is the driving combustion phenomenon of reactive porous media 

like wood (Chen et al., 2023; Lin et al., 2022), coal (Wu et al., 2015), incense (Lin et al., 

2021a; Yamazaki et al., 2020), cotton (Xie et al., 2020), and peat (Chen et al., 2022b; Hu 

et al., 2019; Huang and Rein, 2017, 2016b). Once ignited, smouldering can sustain in 

extreme conditions such as poor oxygen supply and large fuel moisture content (MC). 

Generally, the characteristic temperature (500-800 ℃), propagation rate (~1 cm/h), and 

heat of combustion (~10 MJ/kg) of smouldering are lower than those of flaming (Rein, 

2014; Torero et al., 2020).  

In recent years, smouldering combustion has been adopted as one of the most 

applicable alternatives for traditional organic waste removal technologies (e.g., 

incineration (He et al., 2022; Zhou et al., 2021)), exhibiting excellent application 

prospects (Rashwan et al., 2021; Torero et al., 2020; Wyn et al., 2020a). Currently, such 

a technique has been successfully applied to remove organic wastes with high moisture 

contents like bioliquid (Kinsman et al., 2017; Zanoni et al., 2019b), feces (Fabris et al., 

2017; Yermán et al., 2015), agricultural wastes (Cheng et al., 2019), wastewater sludges 

(Feng et al., 2021), food wastes (Song et al., 2022), and oil shales (Marcio F Martins et 

al., 2010), as reviewed in (Torero et al., 2020). Compared with the traditional methods, 

the smouldering-based waste removal method has been proved to have many advantages. 

Firstly, the combustion temperature of the smouldering reactor is relatively low, 

improving the safety of operation and removal process. Secondly, only minimum pre-

treatment processes (e.g., drying and grinding) are required (Tarek L. Rashwan et al., 

2016; Yermán et al., 2015), lowering the cost of treatment. Thirdly, this technology has 

a great potential for improving process efficiency by controlling the oxygen supply 

(Yermán et al., 2016b).  

On the other hand, as smouldering combustion is an incomplete burning 

phenomenon, many harmful emissions will be released during the process of biowaste 

treatment (Amaral et al., 2014; Chen et al., 2023, 2022b; Hu et al., 2018), and public 



64 
 

concerns about environmental pollution and potential health risks have limited its further 

application and promotion. Emissions released from smouldering comprise carbon 

dioxide (CO2), carbon monoxide (CO), methane (CH4), hydrogen cyanide (HCN), 

volatile organic compounds (VOCs) and particulate matter (PM) (Amaral et al., 2014; 

Wagner et al., 1991; Wyn and Perkins, 2021; Yokelson et al., 1997; Zhou et al., 2021). 

Specifically, emission factors (EFs) of incomplete combustion products, like CO, CH4, 

and VOCs are higher than flaming combustion (Hu et al., 2019). Among all the 

smouldering emissions, a high level of CO is the most toxic and lethal, CO2 and CH4 are 

the most significant greenhouse gases, while NOx and VOCs are the major precursors of 

O3 and secondary organic aerosol after complex photochemical processes (Urbanski et 

al., 2008). Therefore, it is of vital importance for us to explore new methods to mitigate 

the pollution from the smouldering-based removal technology and promote its application. 

A typical smouldering front includes both pyrolysis and char-oxidation reactions, so 

it generates substantial flammable unburnt hydrocarbons and CO (Hu et al., 2019). With 

a rich oxygen supply, these flammable emissions will be ignited, contributing to a 

smouldering-to-flaming (StF) transition process (Santoso et al., 2019). Moreover, 

smouldering can also co-exist with the flame (Huang and Gao, 2021; Lin et al., 2022), so 

there is a great potential for using a self-sustained flame without additional fuels and heat 

to remove these flammable and toxic smouldering emissions. In our previous work, we 

successfully verified the applicability of using a self-sustained flame to clean the 

emissions from the smouldering wood wastes, coffee wastes, and organic soil (simulated 

sludge) under upward airflows (see Figure 6.1) (Chen et al., 2023, 2022b). The 

purification effect of flame has been demonstrated, where the post-flaming emission has 

significantly lower CO and VOCs than the original smouldering emissions.  
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Figure 6.1. Smouldering biowaste removal (a) without and (b) with a self-sustained flame 

to purify the smoke.

Fundamentally, smouldering combustion is controlled by the competition between 

oxygen supply and heat transfer to and from the reaction zone (Huang and Gao, 2021). 

Depending on the relative direction between the propagation of the smouldering front and 

the oxidizer flow, smouldering processes are classified into two categories: forward and 

opposed smouldering (Rein, 2014). Generally, the opposed spread is much faster than the 

forward spread, but its temperature is lower (Huang and Rein, 2019). So far, most of the 

smouldering waste processes adopt the forward smouldering mode (Chen et al., 2022b; 

Feng et al., 2021; L. Yermán et al., 2017), while the opposed smouldering mode is rarely 

explored or compared. Therefore, whether different smouldering directions will affect the 

critical conditions of sustaining a flame above the smouldering front and the efficiencies 

of smoke purification are still poorly understood.

To fill this knowledge gap, this study aims to explore the impacts of smouldering 

directions on the critical conditions for maintaining a flame to purify the smouldering 

emissions. The experiments were conducted with wood wastes under various upward 

airflow velocities (5-24 mm/s) and two smouldering propagation directions (forward and 

opposed). The combustion phenomena, smouldering temperature and spread rate, 

smouldering burning flux, burnt mass fraction, and flaming ignition thresholds of 

different smouldering spread modes are quantified and analyzed.
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6.2 Experimental method  

6.2.1 Wood waste sample  

Wood (or yard) waste is a common biowaste all over the world. For example, in 

Hong Kong, about 40,000 t of yard wastes (mostly tree wastes resulted from typhoons) 

are produced and directly sent to landfills annually, bringing great pressure to the limited 

land resources (Liu et al., 2021). Thus, wood-chip waste was chosen in this experiment, 

the same as our previous work (Figure 6.2) (Chen et al., 2023). The wood chips were 

provided by a local supplier (ECO-Greentech Ltd.), and their particle sizes range 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/m3, 600 ± 20 kg/m3, and 0.65, respectively. The element 

analysis of the wood sample shows 36.6 %, 3.73 %, 59.47 %, 0.44 %, and 0.06 % mass 

fractions for C, H, O, N, and S, respectively. Before the test, the raw wood chips were 

thoroughly dried in an oven at 90 ℃ for 48 h, and their moisture contents were measured 

to be <8% when reaching a new equilibrium with ambient moisture. The thermal analysis 

for the wood samples was conducted with a PerkinElmer STA 6000 Simultaneous 

Thermal Analyzer in both air and N2 atmospheres, and the representative data are shown 

in Figure 3.2 (a). 

6.2.2 Experimental setup  

Figure 6.2a shows the schematic diagram of the experimental setup, which included 

a cylindrical smouldering reactor, an electrical balance, an ignition system, and an air 

supply system. The open-top reactor was made of 3-mm thick aluminum alloys, and it 

had a depth of 20 cm and an internal diameter of 14 cm. A 1-cm thick ceramic insulation 

layer was attached to the outer surface of the reactor to reduce the lateral heat losses.  

At the bottom of the burner, there is a 5-cm deep air mixer to straighten and 

homogenize the upward airflow. The burning area of the reactor and the air mixer are 

separated by a steel mesh and a 4-cm gravel layer. Before the experiment, a wood waste 

sample with a controlled mass of 420 ± 10 g was placed on the gravel layer with a constant 

height of 15 cm. To monitor the temperature and trace the position of the smouldering 

front, an array of eight K-type thermocouples (1.5 mm bead diameter) was inserted into 

the fuel along the axis from 0 cm (bottom) to 14 cm (top) with an interval of 2 cm. A top-

view GoPro camera was used to record the test. 
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Figure 6.2. Schematic diagrams of (a) the test setup, and (b) smouldering direction.

6.2.3 Experimental procedure

Initially, 70-g pre-ignited wood chips were used to initiate smouldering for all 

experiments at a constant upward airflow velocity of 10 mm/s. The ignition was applied 

at the top surface of the wood chips to initiate an opposed smouldering, while the ignition 

was applied at the bottom surface of the fuel bed to initiate a forward smouldering (see 

Figure 6.2b). After successful ignition (a uniform and thin layer of smoke occurred on 

the top of the burner), a layer of fine and clean gravel with a height of 3 cm was placed 

on the top fuel surface. Then, the supply rate of upward forced airflow was adjusted by 

controlling the flow meter. For both ignition positions, the experiments were performed 

at various upward airflow velocities (u) ranging from 5 mm/s to 24 mm/s. Note that the 

airflow velocity was an overall value of the cross-section, and considering the porosity of 

0.65, the average velocity through the pores was from 7.7 mm/s to 37 mm/s.

Afterward, a lighter or a spark was applied near the top outlet of the reactor, aiming 

to ignite the emissions emitted from smouldering. The test was initially started with the 

largest airflow velocity. If the smouldering emissions were successfully ignited and the 

flame became self-sustained, the flow velocity was gradually decreased to find the 

limiting conditions. The experiments were stopped when all thermocouples were below 

100 ℃. For each scenario, at least two repeating tests were conducted, and for the tests 
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near the limits, three or four repeating tests were conducted to ensure repeatability. 

During the experiments, the ambient temperature was 22±2 ℃, the relative humidity was 

50±10%, and the ambient pressure was 101 kPa. 

6.3 Results and discussion 

6.3.1 Combustion phenomena 

Figure 6.3 compares the combustion phenomena of the forward and opposed 

smouldering at a consistent internal upward airflow velocity of 24 mm/s. In both 

smouldering modes, a flame could be piloted and sustained at the outlet of the burner, co-

existing with the smouldering combustion underneath. Therefore, we successfully 

demonstrated that a stable flame could be sustained above the opposed and forward 

smouldering fronts to remove emissions from smouldering wood wastes. 

For the forward smouldering (Figure 6.3a), there was a short and unstable flash 

flame that lasted for a very short period (about 20 s) when a spark was applied, because 

of the continuous pyrolysis of the 70-g pre-ignited fuels. Such a flash was an ignition 

effect and was not considered as a self-sustained flame. During this transition stage (< 8 

min), the smoke plume was heavy but was not flammable enough because of the 

insufficient flammable components and large amounts of CO2, H2O, and large-molecule 

VOCs in the smoke. Later, even if the flame became continuous, some unburnt smoke 

still leaked out from the flame. In contrast, for the opposed smouldering (Figure 6.3b), 

once piloted, the flame above the opposed smouldering front became stable with almost 

all visible smoke removed, similar to the observations in our previous works (Chen et al., 

2023, 2022b).  

More importantly, the self-sustained flame ignited on the emissions from opposed 

smouldering appeared earlier and burned more stably and intensively. Figure 6.4 further 

summarizes the flaming durations for both smouldering directions under different airflow 

velocities, where the flame duration above opposed smouldering is longer than that of 

forward smouldering and shows inverse trends with airflow velocity. 
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Figure 6.3. Flaming phenomena and diagrams of (a) forward smouldering and (b) 

opposed smouldering under the upward airflow of 24 mm/s.
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Figure 6.4. The flaming duration above forward and opposed smouldering vs. airflow 

velocity.

Such different flame phenomena above the smouldering fronts were related to the 

smouldering propagation processes and reaction sub-fronts. A complete smouldering 

front includes a drying sub-front, a fuel pyrolysis sub-front, and a char oxidation sub-

front, among which the pyrolysis sub-front produces the most flammable emissions that 

contribute to sustaining a flame. For the forward smouldering, the pyrolysis is driven by 

an intense char-oxidation sub-front that has a higher temperature (>700 ℃ in Figure 6.5), 

and the pyrolysis front moves together with the smouldering front without fast expansion 

to generate more pyrolysis gases (a single-stage smouldering process). Such smouldering 

propagation phenomenon has also been observed in previous experiments (Huang and 

Rein, 2017; Lin and Huang, 2021). Thus, the pyrolysis co-exists with an extensive char 

oxidation process where a large number of incombustible gases (e.g., H2O and CO2) may 

lower the flammability of the emissions.

Figure 6.5. Smouldering temperature profiles of (a) forward smouldering and (b) 

opposed smouldering and the transition to 2nd-forward smouldering under the airflow 
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velocity of 18 mm/s. 

For the opposed smouldering, the pyrolysis sub-front is driven by a low-temperature 

oxidation sub-front towards the direction of oxygen supply (<600 ℃ up to 16 min in 

Figure 6.5b). During this process, the pyrolysis front expanded and spread downwards 

rapidly, which has been demonstrated in previous experiments (Huang and Rein, 2019; 

Lin and Huang, 2021), leaving behind a thick char layer (1st-stage opposed smouldering 

process). Such a process is a continuous smouldering ignition process that is controlled 

by heat transfer (Huang and Gao, 2021; Ohlemiller and Lucca, 1983). Therefore, the 

smoke from opposed smouldering primarily contains pyrolyzates from wood pyrolysis 

(e.g., CH4, C2H4, C2H6, and CO), which are highly flammable, making it much easier to 

be ignited than that from forward smouldering. Afterward, most of the char produced 

from pyrolysis remains that are further oxidized in the 2nd-stage upward smouldering with 

a higher temperature, while this process cannot sustain a flame above. Another possible 

reason for the difference in the flame above is that the hot opposed smouldering front is 

near the top surface of the fuel bed which can better support the flame above, whereas the 

top of the fuel bed will be cooler as the forward smouldering front is further below the 

surface. 

6.3.2 Smouldering temperature and spread rate  

 Figure 6.6a shows the peak temperatures of the single-stage forward smouldering 

and the two-stage opposed-to-forward smouldering under varying airflow velocities. 

Figure 6.6b shows the average smouldering burning rates (both spread rate of the 

pyrolysis front and burning speed) estimated from the temperature profiles. Specifically, 

the average spread rate of the pyrolysis front is estimated by tracking the moments when 

TC (0 cm) and TC (14 cm) reach 300 °C, which is shown as the hollow symbols in Figure 

6.6b. And burning speed is defined as the surface regression speed of the fuel bed, which 

is estimated by dividing the fuel height by the time when the bottom TC (0 cm) starts to 

decrease, which is shown as the solid symbols in Figure 6.6b. As expected, both the peak 

temperatures and the smouldering spread rates increase with the airflow velocity because 

of stronger char oxidation under a better oxygen supply. 

Moreover, Figure 6.6a shows the peak temperature of the single-stage forward 

smouldering is slightly larger than that of the 2nd-stage forward smouldering, and both 

are significantly larger than the 1st-stage opposed smouldering. This is because the 1st-
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stage opposed smouldering is a fast-expanding process of pyrolysis front where the char 

oxidation is weak, resulting in a lower peak temperature (Huang and Rein, 2019; Lin and 

Huang, 2021). Figure 6.6b shows that the spread rate of the single-stage forward pyrolysis 

front is larger than that of the 1st-stage opposed pyrolysis front, while the average burning 

speeds for both single-stage forward smouldering and 2nd stage forward smouldering are 

similar. Noted that the burning speed may be slightly overestimated as the fuel bed at this 

moment may slightly regress, but the overall trend is not affected.

Figure 6.6. (a) Peak smouldering temperatures and (b) average smouldering spread rates 

of forward smouldering and the opposed-to-forward smouldering vs. airflow velocities.

6.3.3 Smouldering burning flux

The burning flux (𝑚̇′′) is the mass loss rate per unit area of the fuel, which is an 

important parameter to quantify the combustion limits. Figure 6.7a-b compares the time 

evolution of the remaining mass fraction and the burning flux of wood under the forward 

smouldering and opposed smouldering under the airflow velocity of 18 mm/s. The 

profiles of the burning flux for both spread modes are similar: during the initial stage, the 

burning flux increases rapidly, reaching a peak value in a short time. Afterward, it 

dramatically decreases and remains at a low value of about 2-4 g/m2∙s for a longer period 

until burnout occurs.

The red triangle symbols in Figure 6.7a-b represent the critical smouldering burning 

flux for flame ignition (𝑚̇𝑖𝑔′′ ), which is determined as the value of the burning flux at the 

moment when a self-sustained flame is piloted on the smouldering emissions, and the 

blue triangle symbols signify the critical burning flux for flame extinction (or the self-

sustained flame disappears) (𝑚̇𝑒𝑥′′ ). For forward smouldering (Figure 6.7a), the flame 

ignition occurs during the decrease period of the smouldering burning flux, at which the 
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critical burning flux reaches about 27 g/m2∙s, and then disappears as the burning flux 

decreases to about 10 g/m2∙s. 

However, for the opposed smouldering (Figure 6.7b), the flame is ignited when the 

burning flux rises to about 11 g/m2∙s, and then extinguishes as the burning flux decreases 

to about 9 g/m2∙s. During the flame period, 60 % mass of the wood is burnt by opposed 

smouldering, while only 33 % mass fraction is burnt by the forward smouldering.  Figure 

6.7c further summarizes the burnt mass fraction in the flaming period under various 

airflow velocities. Clearly, the burnt mass fraction in both modes of smouldering

propagation increases as the airflow velocity increases. More importantly, it is observed 

that the burnt mass fraction in the period of co-existed flame above opposed smouldering 

(40 %-67 %) is significantly larger than that above forward smouldering (20 %-35 %), 

indicating the opposed smouldering is more efficient for our proposed waste removal 

method.

Figure 6.7. Evolution of smouldering burning flux of (a) forward smouldering and (b) 

opposed smouldering at the airflow velocity of 18 mm/s, and (c) the burnt mass fraction 

during the co-existence of flame in different smouldering propagation modes under 

various airflow velocities.

6.3.4 Flaming limits for smouldering emissions
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Figure 6.8 summarizes the critical smouldering burning flux for flame ignition (𝑚̇𝑖𝑔′′ ) 

and flame extinction (𝑚̇𝑒𝑥′′ ), as well as the maximum smouldering flux (𝑚̇𝑚𝑎𝑥′′ ) under 

various airflow velocities of different spread modes. Firstly, it is observed in Figure 6.8a 

that a larger airflow velocity (~11 mm/s) is required for the emissions from forward 

smouldering to be ignited as a stable flame compared with that of opposed smouldering 

(~6 mm/s). Secondly, Figure 6.8a shows the critical burning flux for flame ignition above 

the opposed smouldering front is almost constant at about 10 g/m2∙s, while the critical 

burning flux for flame ignition above the forward smouldering shows an increasing trend 

with the airflow velocity (increases from 16 g/m2∙s to 29 g/m2∙s as the airflow velocity 

increases from to 12 mm/s to 24 mm/s). Thirdly, the critical burning flux for flame 

extinction (Figure 6.8b) in both smouldering modes is similar at about 9±1 g/m2∙s (hollow 

markers), which is slightly lower than that for flame ignition above opposed smouldering 

(solid markers). It should be emphasized that the critical airflows required to reach such 

critical smouldering burning fluxes may vary at different experimental scales. 

Moreover, Figure 6.8c shows that the maximum burning flux of forward 

smouldering is slightly larger than opposed smouldering, and both of them increase as 

the airflow velocity increases. Although the opposed smouldering burns wood wastes 

slightly slower, the emissions are much easier to be cleaned by a co-existed flame above 

it. Moreover, the flame duration above opposed smouldering is longer, which covers a 

larger burning fraction of wood, and the required airflow velocity for opposed 

smouldering is smaller. 
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Figure 6.8. Critical smouldering burning flux for (a) flame ignition, (b) flame extinction, 

where flammability limits above opposed smouldering front (solid markers) are presented 

for comparison, and (c) maximum smouldering burning flux, where the solid makers 

represent flaming cases, and hemi-solid markers represent no-flame cases.

To ignite and maintain a flame, a minimum mass flux of fuel gas is required. In this 

experiment, the fuel gas to sustain a flame in smouldering emissions is mainly the 

hydrocarbons and CO released from the wood pyrolysis. Here, a simplified heat transfer 

analysis is introduced for the flame above the smouldering front. The flame heat release 

rate (𝑞̇𝑓′′) by burning the pyrolysis gases should at least overcome the heat loss to the 

environment (𝑞̇∞′′ ) and burner wall (𝑞̇𝑤′′) as 

𝑞̇𝑓
′′ = 𝑚̇𝑝𝑦,𝑐𝑟𝑡

′′ ∆𝐻𝑓 = 𝑞̇∞
′′ + 𝑞̇𝑤

′′ (6.1)

where 𝑚̇𝑝𝑦,𝑐𝑟𝑡′′ is the minimum mass flux of pyrolysis gases, and ∆𝐻𝑓 is the heat of 

flaming combustion.

For the opposed smouldering, the dominant reaction within the smouldering front is 

the wood pyrolysis, which has been studied and proven in previous studies (Huang and 

Rein, 2019; Lin and Huang, 2021). In this way, the small amount of emissions from char 

oxidation (e.g. CO2 and H2O) can be ignored and the total smouldering emissions (𝑚̇𝑠𝑚′′ ) 

can be approximately regarded as all pyrolysis gas (Chen et al., 2022b), that is, 
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𝑚̇𝑝𝑦
′′ ≈ 𝑚̇𝑠𝑚

′′ . Therefore, the required critical smouldering burning flux for a flame to be 

ignited above the opposed smouldering is a constant value as 

𝑚̇𝑖𝑔,𝑜𝑝𝑝 
′′ = 𝑚̇𝑠𝑚,𝑐𝑟𝑡 

′′ = 𝑚̇𝑝𝑦,𝑐𝑟𝑡
′′ =

𝑞̇∞
′′ + 𝑞̇𝑤

′′

∆𝐻𝑓
                                  (6.2) 

In this work, this constant value is found to be about 11 g/m2∙s, as shown in Figure 

6.8a. 

However, for the forward smouldering, because the pyrolysis sub-front only moves 

with the char-oxidation sub-front gradually, apart from wood pyrolysis, char oxidation 

also plays an important role within the smouldering front (Bartlett et al., 2019; Huang and 

Gao, 2021). Thus, the non-flammable H2O and CO2 released from oxidation cannot be 

ignored, which may inhibit the flame. At this moment, the total smouldering emissions 

(𝑚̇𝑠𝑚′′ ) include significant amounts of H2O and CO2 (𝑚̇𝑠𝑚′′ = 𝑚̇𝑝𝑦′′ + 𝑚̇𝐶𝑂2
′′ + 𝑚̇𝐻2𝑂

′′ ). Then, 

Eq. (6.1) is re-arranged as  

 (𝑚̇𝑠𝑚,𝑐𝑟𝑡′′ − 𝑚̇𝐶𝑂2
′′ − 𝑚̇𝐻2𝑂

′′ )∆𝐻𝑓 = 𝑞̇∞
′′ + 𝑞̇𝑤

′′                                (6.3)  

Therefore, the critical smouldering burning flux for a flame to be ignited above the 

forward smouldering is expressed as 

𝑚̇𝑖𝑔,𝑓𝑜𝑟
′′ = 𝑚̇𝑠𝑚,𝑐𝑟𝑡 

′′ =
𝑞̇∞
′′ + 𝑞̇𝑤

′′

∆𝐻𝑓
+ 𝑚̇𝐶𝑂2

′′ + 𝑚̇𝐻2𝑂
′′                          (6.4) 

Eq. (6.4) and Eq. (6.2) explain why the critical burning flux in for flame ignition 

above the forward smouldering ( 𝑚̇𝑖𝑔,𝑓𝑜𝑟′′ ) is larger than the opposed smouldering 

(𝑚̇𝑖𝑔,𝑜𝑝𝑝′′ ). Moreover, as the oxidation intensity increases with the airflow velocity, which 

results in an increase in  𝑚̇𝐶𝑂2
′′  and 𝑚̇𝐻2𝑂

′′ . This also explains why 𝑚̇𝑖𝑔,𝑓𝑜𝑟′′  shows a 

significant increase with airflow velocity in Figure 6.8a. In our future work, the 

comparison of smouldering emissions from forward and opposed smouldering will be 

comprehensively compared, and tests at different scales will be conducted to demonstrate 

the scalability. 

6.4 Concluding remarks 

In this work, we successfully applied a self-sustained flame above both the forward 

and opposed smouldering fronts to purify the toxic smouldering emissions. It is found 

that the emission gases from opposed smouldering are much easier to be ignited, and the 

flame duration and burnt mass fraction are much larger than that of the forward 

smouldering. The flame sustained above the smouldering is influenced by the competition 
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reactions between wood pyrolysis and char oxidation within the smouldering front. For 

opposed smouldering, due to a fast-expanding pyrolysis zone, significant amounts of 

flammable pyrolyzates are released, making its emissions highly flammable. However, 

the forward smouldering front includes both slow wood pyrolysis and intense char 

oxidation, making the emissions less flammable because of fewer pyrolyzates and 

excessive CO2 and H2O from char oxidation. 

To sustain a stable flame above opposed smouldering, the minimum airflow velocity 

required is about 6 mm/s, and the minimum smouldering burning flux is 10 ± 1 g/m2∙s. 

Comparatively, sustaining a flame above forward smouldering front requires a larger 

airflow velocity (~11 mm/s), and the minimum smouldering burning flux is not constant 

but increases with the airflow velocity. Moreover, the critical smouldering burning flux 

at flame extinction is constant at 9 ± 1 g/m2∙s, regardless of the smouldering direction and 

airflow velocity. A theoretical analysis based on the simplified heat transfer process 

successfully explains the trends between the critical burning flux for flame ignition and 

the smouldering propagation modes. 

This work deepens the understanding of the co-existence of smouldering and 

flaming, enriches the theory for the clean treatment of smouldering emissions via its re-

combustion, and promotes an energy-efficient and environmentally friendly method for 

biowaste removal. Future works will quantify and compare the emission gases and the 

efficiency of smoke purification in different smouldering propagation modes and conduct 

experiments at different scales. 
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CHAPTER 7 

Carbon Distribution and Multi-

criteria Decision Analysis of 

Flexible Waste Biomass 

Smouldering Processing 

Technologies 
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7.1 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., 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 CO2) can reach almost 60 % and accounts 

for 10-15 % of the global anthropogenic CH4 emissions (Gómez-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 CO2, 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 Tg/yr of CO2 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 % O2) and 
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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. (7.1-7.2) (Rein, 2014). Pyrolysis 

generates flammable pyrolyzates and char, 

Fuel (s)  +  Heat → Pyrolyzates (g)  +  Char (s)                [pyrolysis] (7.1) 

where both can be further oxidized. The heterogeneous char oxidation leads to 

smouldering as  

Char (s)  +  O2 → Heat  +  CO2 +  H2O  +  other gases  +  Ash [smouldering] (7.2a) 

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

Pyrolyzates (g) +  O2 
flame
→   Heat  +  CO2 +  H2O  +  other gases         [flaming] (7.2b) 

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; Yermán et al., 2015), wastewater sludges (Feng et al., 2021), and food wastes (Song 

et al., 2022). Such a method demonstrates many attractive advantages, like a safer 

operation process,  minimising pre-treatments (e.g., drying and grinding) (Tarek L. 

Rashwan et al., 2016; Yermán 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, 

2009a) and bio-oil (Feng et al., 2022; L Yermán et al., 2017a). This is because a 

smouldering front contains pyrolysis reaction (Eq. (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℃). 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 
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emissions, like CO, CH4, NOx, volatile organic compounds (VOCs) and particulate 

matters (PM) (Hu et al., 2018), 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 H2O and CO2. 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 CH4) 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).  

In the former chapters, 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., 2023, 2022b, 2022a) 

has been established. 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 Figure. 7.1. 

The 1st stage is opposed smouldering (the front spreads downward), leaving abundant 

biochar. The 2nd stage is forward smouldering (the front spreads upwards), which burns 

all the char and leaves little ash. More importantly, it was found that the flame could only 

be piloted and sustained in the 1st stage because of the intensive pyrolysis in this stage.  

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.  
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Figure 7.1. The two-stage smouldering process with a flame sustained by the emissions 

from the 1st stage opposed smouldering.

7.2 Materials and Methods

7.2.1 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., 2023, 2022a), the wood waste 

was chosen in this experiment (Figure 7.2), 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/m3, 600 ± 20 kg/m3, and 0.65, respectively. The element analysis of wood 

waste sample 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.

Before the test, the raw wood chips were thoroughly dried in an oven at 90 ℃ 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 
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conducted with a PerkinElmer STA 6000, and the results are same as our previous work 

(Chen et al., 2023).

Figure 7.2. Experimental setup for (a) emission test and (b) direct condensing.

7.2.2 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 (Figure 7.2). More detailed information about the 

burner could be found in our previous work (Chen et al., 2022b). 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.

7.2.3 Processing strategies and experimental procedure

As shown in Figure 7.3, four processing strategies are proposed and can be achieved 

by ceasing the smouldering process at different stages. 

(a) Full smouldering (F-SM) includes the 1st-stage opposed propagation (strong 

pyrolysis and weak char oxidation) and the 2nd-stage forward propagation (strong 
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char oxidation).

(b) Partial smouldering (P-SM) includes the 1st-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 1st 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.

Figure 7.3. 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 (𝑢) 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 our previous experiments (Chen et al., 2022b). 

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 1st stage (when the last TC (0 cm) 
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reached its first peak, or when the flame disappeared, and the smoke became clearly less) 

by supplying sufficient N2 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 

were ignited using the lighter in the 1st stage. For the processes without a flame (F-SM 

and P-SM), the smouldering emissions from 1st stage were condensed via the condenser 

shown in Figure 7.2b. 

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.  

7.2.4 Product analysis  

7.2.4.1 Gas products 

To quantify the emissions from different smouldering-driven processing strategies, 

a gas collection and measurement system was built, as shown in Figure 7.2a. 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 m3/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 (CO2) 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 (CxHy(g)) using Gas Chromatography Plus Flame Ionization Detection 

(GC-FID).  

7.2.4.2 Liquid products 

As a pyrolysis-dominant process, significant liquid (called bio-oil) including the 

condensable organic compounds (tar) and water is generated from the 1st downward-

propagation stage (Neves et al., 2011). Thus, a condensation system was built to quantify 

the liquid product from the 1st stage, as shown in Figure 7.2b. 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 
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ice-cooled trappers. The mass of the bio-oil produced was obtained by weighing the 

trappers. 

7.2.4.3 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).  

Moreover, thermal analysis of biochar was conducted with a PerkinElmer STA 6000 

Simultaneous Thermal Analyzer in an air atmosphere at a heating rate of 15 K/min. The 

recalcitrance index R50, another important parameter to evaluate the char stability, was 

calculated from the TG results as (Harvey et al., 2012): 

 R50 = 𝑇50,𝑐ℎ𝑎𝑟/𝑇50,𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒                                            (7.3) 

where 𝑇50,𝑐ℎ𝑎𝑟 is the temperature value at which 50% of the mass of the char sample is 

lost, and 𝑇50,𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 is the temperature value at which 50% of the total mass of graphite 

is lost, which is given as 823 ℃ (Harvey et al., 2012). The recalcitrance/carbon 

sequestration potential of the studied material can be classified as Class A: R50<0.50; 

Class B: 0.50≤R50<0.70; Class C: R50≥0.70, where higher R50 represents better carbon 

sequestration potential (Harvey et al., 2012). 

7.2.5 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 

( 𝑋𝐶,𝐹) of 47.7 % is provided. Thus, the total carbon of the fuel (𝑚𝐶,𝐹) is: 

𝑚𝐶,𝐹 = 𝑚𝐹 ∙ 𝑋𝐶,𝐹 = 410 × 47.7% = 195.6 g                        (7.4) 

The carbon from the gaseous emissions (𝑚𝐶,𝐺) is defined as a sum of the carbon 

content in the major gas species as 
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𝑚𝐶,𝐺 = ∑ 𝑚𝑗 ∙ 𝑋𝐶,𝑗𝑗                                            (7.5) 

where 𝑚𝑗 is the mass of gas species j (g), 𝑋𝐶,𝑗 is the carbon molar mass fraction in species 

j (%), and subscript j indicates the major carbon-containing gases, e.g., CO2, CO, CH4, 

C2H4, and C2H6. The gas mass can be calculated as 

𝑚𝑗 = ∫ 𝜌𝑗[𝑗](𝑡)𝑉̇ × 10
−3𝑡

0
                                     (7.6) 

where 𝜌𝑗 is the density of species j calculated based on the assumptions of the ideal gas 

law (kg/m3), [𝑗](𝑡)  is the real-time concentration of the species j (ppm) (subtracting 

species’ background concentration), 𝑉̇ is the volume flow rate in the duct (m3/min), and t 

is the total processing time (min). A representative concentration evolution of the gas 

species is shown in Figure 7.9 in Appendix of this chapter. 

The carbon from the solid residue (𝑚𝐶,𝑆) is calculated as 

𝑚𝐶,𝑆 = 𝑚𝑆 ∙ 𝑋𝐶,𝑆                                                 (7.7) 

where 𝑚𝑆 is the mass of the solid residue (g), which is directly measured via a balance 

after the smouldering process, 𝑋𝐶,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 (𝑚𝐶,𝑇) is calculated as 

𝑚𝐶,𝑇 = 𝑚𝑇 ∙ 𝑋𝐶,𝑇 = (𝑚𝐿 −𝑚𝑊) ∙ 𝑋𝐶,𝑇                           (7.8) 

where 𝑚𝑇 is the mass of the tar (g), 𝑚𝐿 is the mass of the condensed liquid (g) and 𝑚𝑊 

is the mass of the condensed water (g), 𝑋𝐶,𝑇 is the carbon mass fraction of the tar (%). In 

this work, the average value of 𝑚𝑊 is about 30 % 𝑚𝐿 (Xiu and Shahbazi, 2012). 𝑋𝐶,𝑇 is 

estimated from its relationship with 𝑋𝐶,𝐹 according to previous research (Neves et al., 

2011), where 𝑋𝐶,𝑇=1.14𝑋𝐶,𝐹. As a result, 𝑋𝐶,𝑇 is calculated as 54.4 % here. 

7.2.6 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 helps to 

make a rational decision, which is achieved by virtue of a decision vector that directs the 

decision maker toward “preferred” solutions (Brans and Mareschal, 1994). The 

explanation of PROMETHEE-GAIA algorithm is based on the works performed by the 

developers in Brans and Vincke (Vincke and Brans, 1985), Brans et al. (Brans and 



88

Mareschal, 1994), and Mareschal and Brans (Mareschal and Brans, 1988). 

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 7.3-7.6.

7.3 Results and Discussion

7.3.1 Smouldering temperature

Figure 7.4 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 Figure 7.4a which correspond to the two-stage 

propagation of full smouldering process. The peak temperature of the 1st stage (Tmax,1) is 

generally lower than that of the 2nd stage (Tmax,2) because the endothermic fuel pyrolysis 

dominates in the 1st stage while the exothermic char oxidation dominates the 2nd stage.

Comparatively, for the partial smouldering process, there is only one peak in Figure 7.4b

of which the value is the same as Tmax,1 in Figure 7.4a. 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 Tmax1 and Tmax2 under various airflow 

velocities is shown in Figure. B2. In general, Tmax2 is larger than Tmax1, and both Tmax1 and 

Tmax2 increase with the increased airflow velocity because of stronger char oxidation.
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Figure 7.4. Smouldering temperature evolution of (a) full smouldering process and (b) 

partial smouldering process at u=14 mm/s. 

7.3.2 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 7.1. 

 Figure 7.5 shows the mass fraction of carbon (𝑌𝐶, %) in the gas, liquid, and solid 

products from different strategies. Here, 𝑌∆𝐶 (carbon difference) for all the tests are lower 

than 20%, which is acceptable for carbon balance research (Dufour et al., 2009). As 

exhibited in Figure 7.5a, 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 (Figure 7.5c), 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. 



90

Figure 7.5. 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).

Regarding the partial smouldering, Figure 7.5(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 1st 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. 

In a short summary, such a thermochemical conversion process has significant 

effects on carbon partitioning in the products. Full smouldering will release much more 



91 
 

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, we can achieve different objectives. 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.  

7.3.3 Gas-phase emissions characteristics  

In this work, we measure five major carbon-containing gas species, that is, carbon 

dioxide (CO2), carbon monoxide (CO), methane (CH4), ethylene (C2H4), and ethane 

(C2H6). Among these gases, CO2 and CH4 are well-known greenhouse gases (GHG), 

which contribute significantly to global warming (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 CH4 is the largest, while the masses of C2H4 and 

C2H6 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/CO2 mass ratio, CH4/CO2 mass ratio, CxHy (g)/CO2 mass ratio, 

and equivalent GHG (Figure 7.6). Figure 7.6a shows that the CO/CO2 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/CO2 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 our 

previous work (Chen et al., 2022b). Figure 7.6(b, c) show CH4/CO2 ratio and CxHy 

(g)/CO2 ratio respectively, which are very close as CH4 accounts for the majority. For the 

gases emitted from landfilling of MSW, CH4 accounts for a primary component with the 

CH4/CO2 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/CO2 

ratios of all the four smouldering processes are significantly smaller than that of the MSW 

landfilling (see Figure 7.6b).   
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Figure 7.6. (a) CO/CO2 ratio, (b) CH4/CO2 ratio, (c) CxHy(g)/CO2 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. 

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 CO2 equivalents so they can be correctly 

compared in terms of their greenhouse impacts (Lee et al., 2020). In this work, we 

simplify the GHG from each process as a mixture of CO2 and CH4 (the amount N2O is 

very small and is ignored here), and the equivalent GHG (𝑚𝐺𝐻𝐺  , g/g∙ dry fuel) is 

estimated as

𝑚𝐺𝐻𝐺 =
𝐺𝑊𝑃𝐶𝑂2 ∙ 𝑚𝐶𝑂2 + 𝐺𝑊𝑃𝐶𝐻4 ∙ 𝑚𝐶𝐻4

𝐺𝑊𝑃𝐶𝑂2 ∙ 𝑚𝐹
(7.9)

where GWP refers the 100-year global warming potential of the species. CO2 is taken as 

the reference gas and given a 100-year GWP of 1, and the 100-year 𝐺𝑊𝑃𝐶𝐻4 is given as 
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25 here (IPCC, 2006). 𝑚𝐶𝑂2 and 𝑚𝐶𝐻4 are the total mass of CO2 and CH4 produced from 

waste treatment process, respectively. 𝑚𝐹 = 410 g is the mass of fuel. 

The calculated results of the equivalent GHG (𝑚𝐺𝐻𝐺) are shown and compared with 

that from MSW landfilling (Lou and Nair, 2009) in Figure 7.6d. 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 CO2-e/ 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 CO2-e/ ton dry waste is obtained. As 

shown in Figure 7.6d, the equivalent GHG (𝑚𝐺𝐻𝐺  ) emitted from our proposed waste 

processing strategies is basically lower than that of waste landfilling, especially for the 

partial smouldering processes. Moreover, 𝑚𝐺𝐻𝐺   increases as the airflow velocity 

increases for all processing strategies. For example, 𝑚𝐺𝐻𝐺  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, 

𝑚𝐺𝐻𝐺  from partial smouldering plus flame (P-SM+FL) is the smallest, followed by that 

from P-SM, F-SM+FL and F-SM. Specifically, 𝑚𝐺𝐻𝐺   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/CO2 and CH4/CO2 ratios, but also generating less greenhouse effect with a lower 

𝑚𝐺𝐻𝐺 . 

7.3.4 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, we investigate the char yield and its 

stability from each process. 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. 

Figure 7.7a 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 
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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 Figure 7.7a indicate the average peak smouldering temperature of 

the 1st smouldering stage. 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 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.

Figure 7.7. (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.

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 
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and H:C molar ratios (Santin et al., 2020), and recalcitrance index R50 (Harvey et al., 

2012). The O:C and H:C ratios are plotted in Figure 7.7b (elemental analysis results are 

shown in Table 7.2). For comparison, the H:C and O:C molar ratios of biochar in literature 

are also summarized in Figure 7.7b (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<O:C<0.3) degrees. 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. R50 of wood and 

biochar are calculated from their TG curves (Figure 7.7c) according to Eq. (7.3). It is 

found that R50 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≤R50<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.  

7.3.5 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 CO2, CO, CH4, C2H4, C2H6, 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 Figure 7.11, which involves ranking the alternatives from 

most preferred to least preferred based on the value of their net outranking flow (Φ).  
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Figure 7.8. 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 
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by-product value with minimum environmental impact.  

Figure 7.8 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) (Figure 7.8a), 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. Figure 7.8b 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 Figure 7.8c 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. 

7.4 Concluding remarks 

In summary, our 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<O:C<0.3, and R50=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/CO2 and CxHy (g)/CO2 ratios 

compared with the processes without flame. The equivalent GHG and the CH4/CO2 ratio 

from our four proposed processing strategies are all smaller than those from the 

conventional landfilling treatment.  
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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, our newly 

developed technology shows great promise for achieving sustainable municipal solid 

waste management.

7.5 Appendix

Figure 7.9 shows a representative concentration evolution of the gas species from 

full smouldering process under the airflow velocity of 18 mm/s, where Figure 7.9(a) 

depicts the concentrations of CO2 and CO recorded by a portable gas analyzer and Figure 

7.9(b) shows the concentrations of CH4, C2H4, and C2H6, which are measured every 10 

minutes by GC-FID.

Figure 7.9. Evolution of concentration of gas species from full smouldering under u=18 

mm/s.

Figure 7.10 further summarizes the average Tmax1 and Tmax2 under various airflow 

velocities. It should be noted that Tmax1 of all strategies is the same under the same airflow 

velocity which represents the peak temperature of the 1st smouldering stage. And Tmax2 is 

only applicable for the full smouldering process. Both Tmax1 and Tmax2 increase with the 

increased airflow velocity because of stronger char oxidation. Tmax1 is highly related to 

the char (product from 1st stage) yield and stability.
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Figure 7.10. Average peak smouldering temperature of 1st opposed smouldering stage 

and 2nd forward smouldering stage.

Figure 7.11 shows the PROMETHEE outranking for three scenarios, which involves 

ranking the alternatives from most preferred to least preferred based on the value of their 

net outranking flow (Φ). For example, as for Scenario (a), the most preferred alternative 

is P-SM+FL-6 (process of partial smouldering with flaming under the airflow velocity of 

6 mm/s) with the maximum Φ of 0.53, while the least preferred alternative is F-SM-18 

(process of full smouldering under the airflow velocity of 18 mm/s) with the minimum Φ

of -0.57.

Figure 7.11. PROMETHEE outranking for three scenarios. Top panel: maximum carbon 

sequestration with minimum environmental impact, middle panel: maximum removal 

efficiency with minimum environmental impact, and bottom panel: maximum by-product 

value with minimum environmental impact.
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Table 7.1. Product distribution and corresponding carbon content from different strategies. 

Strategy Airflow 
velocity 
(mm/s) 

Gaseous emissions (G) Solid residues (S) Tar (T) 
𝑌∆𝐶  

(%) 𝒎𝑪𝑶𝟐 
(g) 

𝒎𝑪𝑶 
(g) 

𝒎𝑪𝑯𝟒  

(g) 
𝒎𝑪𝟐𝑯𝟒 
(g) 

𝒎𝑪𝟐𝑯𝟔 
(g)  

𝒎𝐂,𝐆 
(g) 

𝒀𝐂,𝐆 
(%) 

𝒎𝑺 
(g) 

𝑿𝐂,𝐒 

(%) 
𝒎𝐂,𝐒 
(g) 

𝒀𝐂,𝐒 

(%) 
𝒎𝑳 
(g) 

𝒎𝑻 
(g) 

𝒎𝑪,𝑻 
(g) 

𝒀𝐂,𝐓 

(%) 
F-SM: 1st stage 
opposed 
smouldering + 
2nd stage 
forward 
smouldering 
 

6 368.5 55.3 18.7 1.6 1.9 140.5 72.1 22.0 18.5 4.07 2.1 68.7 48.1 26.2 14.3 11.1 
8 366.4 46.7 18.0 2.6 2.5 139.7 71.4 20.1 11.9 2.39 1.2 84.9 59.4 32.3 16.5 10.9 
10 349.9 49.3 20.5 2.7 2.8 136.7 69.9 17.9 11.0 1.97 1.0 90.7 63.5 34.5 17.7 11.5 
14 335.2 45.5 21.6 3.3 3.1 132.5 67.8 16.5 10.8 1.78 0.9 108.9 76.2 41.5 21.2 10.1 
18 340.4 47.6 23.9 2.7 2.5 134.6 69.3 14.4 10.8 1.56 0.8 120.2 84.1 45.8 23.4 6.5 

P-SM: 1st stage 
opposed 
smouldering + 
2nd stage 
extinction 
 

6 59.5 18.6 12.1 1.6 1.8 35.8 18.3 167.0 74.0 123.6 63.2 68.7 48.1 26.2 14.3 4.1 
8 67.1 18.3 14.0 2.3 2.2 40.4 20.6 144.1 73.5 105.9 54.2 84.9 59.4 32.3 16.5 8.7 
10 84.2 22.0 15.1 2.6 2.6 48.1 24.6 135.4 70.2 95.1 48.6 90.7 63.5 34.5 17.7 9.2 
14 115.2 24.1 18.0 3.0 3.0 60.3 30.8 102.8 70.8 72.8 37.2 108.9 76.2 41.5 21.2 10.7 
18 138.5 29.4  18.3 2.3 2.2 67.9 34.7 85.8 70.9 60.9 31.1 120.2 84.1 45.8 23.4 10.7 

F-SM+FL: 1st 
stage opposed 
smouldering 
with flame + 2nd 
stage forward 
smouldering 

6 552.5 43.5 6.4 0.8 0.9 175.3 89.9 22.0 18.5 4.07 2.1 -  - - 8.1 
8 562.4 34.6 6.3 1.0 1.2 174.4 89.3 20.1 11.9 2.39 1.2 -  - - 9.6 
10 568.3 30.8 6.5 1.2 1.2 175.3 89.6 17.9 11.0 1.97 1.0 -  - - 9.4 
14 568.5 29.1 7.8 1.4 1.0 175.6 89.8 16.5 10.8 1.78 0.9 -  - - 9.5 
18 571.9 30.1 8.8 1.5 1.0 177.7 90.9 14.4 10.8 1.56 0.8 -  - - 8.3 

P-SM+FL: 1st 
stage opposed 
smouldering 
with flame +2nd 
stage extinction 
 

6 121.1 5.8 3.7 0.8 0.9 40.2 20.6 167.0 74.0 123.6 63.2 -  - - 14.2 
8 181.4 5.5 3.5 0.6 0.6 55.5 28.4 144.1 73.5 105.9 54.2 -  - - 17.5 
10 248.8 6.3 3.2 0.6 0.4 73.8 37.7 135.4 70.2 95.1 48.6 -  - - 13.6 
14 299.0 7.1 3.7 1.2 0.3 88.6 45.3 102.8 70.8 72.8 37.2 -  - - 17.0 
18 316.6 7.8 5.0 1.4 0.4 95.0 48.6 85.8 70.9 60.9 31.1 -  - - 19.2 

Note: 𝑌∆𝐶 is the carbon difference in this work, which is caused by the inevitable measurement errors of gas sensors and the condensing 
system, and other non-tested carbon-containing components in the emissions.
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Table 7.2. Elemental analysis of the char samples and corresponding O:C and H:C molar 

ratios under various airflow velocities. 

Airflow 
velocity 
(mm/s) 

C H O* N O:C molar 
ratio 

H:C molar 
ratio  

6 75.03±1.12 1.76±0.19 23.22±1.32 0 0.233±0.073 0.276±0.024 
8 73.47±0.14 1.46±0.08 24.06±0.22 0 0.256±0.004 0.240±0.012 
10 70.01±1.39 2.65±0.04 27.34±1.43 0 0.293±0.007 0.456±0.011 
14 73.34±2.82 1.15±0.11 25.51±2.93 0 0.263±0.046 0.315±0.012 
18 73.94±1.46 1.74±0.09 24.33±1.56 0 0.248±0.017 0.276±0.012 

*: O is determined by difference. 

Table 7.3. A listing of the abbreviations used for alternatives in PROMETHEE-GAIA. 

Alternatives code Strategy Airflow velocity (mm/s) 
F-SM-6 1st stage opposed smouldering + 

2nd stage forward smouldering 
6 

F-SM-8 1st stage opposed smouldering + 
2nd stage forward smouldering 

8 

F-SM-10 1st stage opposed smouldering + 
2nd stage forward smouldering 

10 

F-SM-14 1st stage opposed smouldering + 
2nd stage forward smouldering 

14 

F-SM-18 1st stage opposed smouldering + 
2nd stage forward smouldering 

18 

P-SM-6 1st stage opposed smouldering + 
2nd stage extinction 

6 

P-SM-8 1st stage opposed smouldering + 
2nd stage extinction 

8 

P-SM-10 1st stage opposed smouldering + 
2nd stage extinction 

10 

P-SM-14 1st stage opposed smouldering + 
2nd stage extinction 

14 

P-SM-18 1st stage opposed smouldering + 
2nd stage extinction 

18 

F-SM+FL-6 1st stage opposed smouldering with 
flame + 2nd stage forward 
smouldering 

6 

F-SM+FL-8 1st stage opposed smouldering with 
flame + 2nd stage forward 
smouldering 

8 

F-SM+FL-10 1st stage opposed smouldering with 
flame + 2nd stage forward 
smouldering 

10 

F-SM+FL-14 1st stage opposed smouldering with 
flame + 2nd stage forward 
smouldering 

14 

F-SM+FL-18 1st stage opposed smouldering with 
flame + 2nd stage forward 

18 
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smouldering 
P-SM+FL-6 1st stage opposed smouldering with 

flame +2nd stage extinction 
6 

P-SM+FL-8 1st stage opposed smouldering with 
flame +2nd stage extinction 

8 

P-SM+FL-10 1st stage opposed smouldering with 
flame +2nd stage extinction 

10 

P-SM+FL-14 1st stage opposed smouldering with 
flame +2nd stage extinction 

14 

P-SM+FL-18 1st stage opposed smouldering with 
flame +2nd stage extinction 

18 

 

Table 7.4. A listing of the abbreviations used for criteria, and how each criterion is treated 

by the PROMETHEE-GAIA analysis for Scenario (a). 

Criterion 
code 

Description and 
units 

How the variable 
was treated by 
PROMETHEE-
GAIA 

Preference 
function# 

Weighting 

CO2 Mass of carbon 
dioxide emitted from 
waste processing (g) 

Minimised* V-shape 14.3% 

CO Mass of carbon 
monoxide emitted 
from waste 
processing (g) 

Minimised* Linear 14.3% 

CH4 Mass of methane 
emitted from waste 
processing (g) 

Minimised* V-shape 14.3% 

C2H4 Mass of ethylene 
emitted from waste 
processing (g) 

Minimised* Level 14.3% 

C2H6 Mass of ethane 
emitted from waste 
processing (g) 

Minimised* Level 14.3% 

𝑚C,S Mass of carbon fixed 
in the solid residues 
after waste processing 
(g) 

Maximised** Usual 14.3% 

𝑚𝑇 Mass of tar generated 
from waste 
processing (g) 

Minimised* Usual 14.3% 

 

Table 7.5. A listing of the abbreviations used for criteria in this manuscript, and how each 

criterion is treated by the PROMETHEE-GAIA analysis for Scenario (b). 

Criterion 
code 

Description and 
units 

How the variable was 
treated by 

Preference 
function# 

Weighting 
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PROMETHEE-GAIA 
CO2 Mass of carbon 

dioxide emitted from 
waste processing (g) 

Minimised* V-shape 10.5% 

CO Mass of carbon 
monoxide emitted 
from waste processing 
(g) 

Minimised* Linear 10.5% 

CH4 Mass of methane 
emitted from waste 
processing (g) 

Minimised* V-shape 10.5% 

C2H4 Mass of ethylene 
emitted from waste 
processing (g) 

Minimised* Level 10.5% 

C2H6 Mass of ethane 
emitted from waste 
processing (g) 

Minimised* Level 10.5% 

𝑚C,S Mass of carbon fixed 
in the solid residues 
after waste processing 
(g) 

Minimised* Usual 40.0% 

𝑚𝑇 Mass of tar generated 
from waste processing 
(g) 

Minimised* Usual 10.5% 

 

Table 7.6. A listing of the abbreviations used for criteria in this manuscript, and how each 

criterion is treated by the PROMETHEE-GAIA analysis for Scenario (c). 

Criterion 
code 

Description and 
units 

How the variable was 
treated by 
PROMETHEE-GAIA 

Preference 
function# 

Weighting 

CO2 Mass of carbon 
dioxide emitted from 
waste processing (g) 

Minimised* V-shape 14.3% 

CO Mass of carbon 
monoxide emitted 
from waste 
processing (g) 

Minimised* Linear 14.3% 

CH4 Mass of methane 
emitted from waste 
processing (g) 

Minimised* V-shape 14.3% 

C2H4 Mass of ethylene 
emitted from waste 
processing (g) 

Minimised* Level 14.3% 

C2H6 Mass of ethane 
emitted from waste 
processing (g) 

Minimised* Level 14.3% 

𝑚C,S Mass of carbon fixed Maximised** Usual 14.3% 
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in the solid residues 
after waste 
processing (g) 

𝑚𝑇 Mass of tar 
generated from 
waste processing (g) 

Maximised** Usual 14.3% 

* Lower variable values were preferred 
** Higher variable values were preferred 
# The choice of the preference function is guided by the “Help me...” function of the 
Visual PROMETHEE software. 
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CHAPTER 8 

Conclusions and Recommendations 
  



106 
 

8.1 Conclusions  

This thesis proposes a novel combustion method for biowaste removal which uses a 

self-sustained flame co-existing with smouldering to clean the toxic smouldering 

emissions. Laboratory-scale experiments for the smouldering of various biowastes and 

flaming of their smouldering emissions have been performed under different oxygen 

supply rates. The mechanism of the proposed combustion process has been investigated 

and a systematical analysis of the process has been conducted. Therefore, one of the major 

contributions of this work is to reveal the critical conditions for the co-existence of 

smouldering and flaming on biomass fuel. Secondly, the purification effects of the flame 

on the smouldering smoke is quantified. The third main contribution is to assess the 

proposed combustion process in terms of its removal efficiency, by-product value, and 

carbon footprint. 

Chapter 4 has successfully verified that (1) the smouldering emission of woody 

biomass can be piloted to sustain a flame and (2) flame can co-exist with smouldering 

combustion. With the smouldering ignition from the top and the flow from the bottom, 

the smouldering front first propagates downwards (1st-stage opposed smouldering) to the 

fuel-bed bottom and then propagates upward (2nd-stage forwards smouldering). It has 

been observed that the flame could only be piloted and self-sustained in the 1st-stage 

smouldering because of an intense pyrolysis process within the smouldering front. The 

critical smouldering burning mass flux for maintaining a stable flame remains constant at 

10-12 g/m2∙s. The co-existence of flaming and smouldering depends on the oxygen supply 

to the smouldering front, which is verified by the theoretical analysis. The minimum 

opposed flow velocity required to maintain the stable flaming increases from 6 mm/s to 

24 mm/s, as the oxygen concentration decreases from 21% to 14%. Moreover, increasing 

oxygen supply enhances the flame intensity and height, but the flame duration is reduced 

due to the accelerated burning processes. 

The proposed combustion method was then further applied to other kinds of 

biowastes (coffee waste and simulated sludge) in Chapter 5. The effects of the fuel 

properties on the proposed combustion mode (smouldering with a flame) and the 

purification effects of the flame on the toxic emissions from smouldering have been 

investigated. The efficiency of pollution mitigation is demonstrated by a significantly 

lower ∆CO/∆CO2 ratio after purification. The equivalent critical mass flux of flammable 
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gases required for igniting the smouldering emissions is 0.5 g/m2∙s, regardless of the fuel 

types. The smouldering temperature, propagation rate and burning flux are all increased 

with the airflow velocity but are also slightly sensitive to the fuel type. Together with 

Chapter 4, the applicability of this newly developed waste removal method and its 

efficiency of pollution mitigation were demonstrated. 

After the verification of the co-existence of the opposed smouldering and flaming 

on various biowaste fuels, Chapter 6 further investigated the effect of the smouldering 

propagation directions (opposed or forward) on the proposed combustion process. Results 

show that a flame can be sustained above both the forward and opposed smouldering 

fronts under appropriate airflow. It has been found that the emission gases from opposed 

smouldering are much easier to be ignited, and the flame duration and burning fraction 

are much larger than that of the forward smouldering. The flame sustained above the 

smouldering is influenced by the competition reactions between wood pyrolysis and char 

oxidation within the smouldering front. To sustain a stable flame above opposed 

smouldering, the minimum airflow velocity required is about 6 mm/s, and the minimum 

smouldering burning rate is 10±1 g/m2∙s. Comparatively, sustaining a flame above 

forward smouldering front requires a larger airflow velocity (~11 mm/s) and minimum 

smouldering burning rate which is not constant but increases with the airflow velocity. 

Moreover, the critical smouldering burning rate at flame extinction is constant at 9±1 

g/m2∙s, regardless of the smouldering direction and airflow velocity. 

Based on the results obtained in Chapter 4 to 6, we further developed a flexible suite 

of smouldering-based biowaste processing technologies and proposed four processing 

strategies in Chapter 7. The four strategies are named (a) full smouldering, (b) partial 

smouldering, (c) full smouldering with a flame, and (d) partial smouldering with a flame. 

The gaseous, liquid, and solid products of each strategy have been quantified under 

various oxygen supply rates. And a multi-criteria analysis in terms of environmental 

impact, carbon sequestration, waste removal efficiency, and by-product value has been 

performed. Our results have shown 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 biowaste that can 
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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.  

8.2 Future works 

Application of smouldering in waste disposal is an emerging technology and the 

research on it is still limited. Many aspects are still not well understood and deserve more 

in-depth research. And to be a promising, efficient, and sustainable waste removal method, 

there are still some limitations required to be solved. Here, some interesting ideas are 

suggested for future works: 

1. The moisture content of biowaste is usually high (>100%), and this parameter may 

affect both smouldering and flaming. Therefore, it is important to investigate 

whether the smouldering emission from the fuel with high moisture content is still 

flammable and how the moisture content affects the critical conditions of the co-

existence of smouldering and flaming. In the future, more experiments with fuels 

with various high moisture contents can be performed and the way to improve the 

flammability of their emissions can be explored. 

2. Current experiments are limited in bench scale, and how burner scale affects the 

proposed combustion process is still unknown. Thus, the effects of scale deserve to 

be explored. To achieve this goal, a numerical model can be developed to conduct 

the scale analysis and predict the performances of the burners with larger scales. 

This numerical model can be exploited in either an academic code (Gpyro) or a 

commercial code (Fluent or COMSOL).  

3. In Chapter 6, a theoretical analysis model was developed to explain the difference 

of the critical smouldering rate for flame ignition between opposed and forward 

smouldering. However, the experimental data of the emissions from two 

smouldering directions to support our analysis and assumption is still lacked. 

Therefore, future experiments should be conducted to compare the emissions from 

forward and opposed smouldering processes. 

4. At present, this thesis only applied the proposed combustion process in the single 

type of biowaste fuel, while the performance of the co-burning of multiple types of 

waste and burning in matrix (like sand or coal) were not determined. Considering 

the composition of the waste in real world is always complex, it is essential to 
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evaluate the performance of the co-burning of different wastes. Besides, whether the 

removal efficiency or emission flammability can be improved by adding some 

matrix also requires further explorations. 

5. Currently, this thesis only measured the yield of the bio-oil from biowaste 

smouldering. However, the composition of it has not been quantified. Thus, many 

physicochemical analyses of the bio-oil, like elementary analysis, liquid 

chromatography, nuclear magnetic resonance spectroscopy (NMR), and Fourier 

transform infrared spectroscopy (FTIR) can be conducted to determine its quality. 
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