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A B S T R A C T   

Smouldering combustion is emerging as a valuable application for many environmentally beneficial purposes, 
including waste-to-energy. While many applied smouldering systems rely on small fractions of fuel mixed within 
inert porous media (IPM) like coarse grain silica sand, there is also an opportunity to pursue co-waste man-
agement with much higher fuel loadings. This study explores these co-waste systems by blending non- 
smoulderable wastes (e.g., sewage sludge) with smoulderable wastes (e.g., construction waste woodchips) to 
form porous solid fuels (PSFs). Key differences between these IPM and PSF systems were identified by contrasting 
the temperature profiles in space and time, specific mass loss rates, and emissions profiles across experiments in 
multiple reactors (with 0.054, 0.080, and 0.300 m radii). For example, the PSF systems exhibited higher 
throughputs, a more straightforward path towards continuous operation, improved scalability, and higher pro-
duction of potentially useful by-products (e.g., CH4, H2) than the IPM systems. However, the PSF systems were 
more sensitive to extinction and exhibited lower fuel moisture content limitations than the IPM systems. Alto-
gether, this study illuminates the benefits and trade-offs of co-waste smouldering.    

One file containing supplementary material is available. 

1. Introduction 

1.1. Applied smouldering combustion 

Smouldering combustion is emerging as a valuable application for 
many environmentally beneficial purposes such as: (i) land remediation 
[1], (ii) hazardous liquid management [2,3], (iii) decentralized sanita-
tion [4,5], (iv) pyrolysis/torrefaction [6–10], (v) wastewater sludge 
treatment [11–13], (vi) organic waste treatment [14–16], and (vii) 
resource recovery/generation [17–20]. In all these cases, smouldering 
can be harnessed to generate energy from traditionally problematic 
wastes, such as those with high moisture contents (e.g., biomass sludges 
[15,21,22]) and low volatility (e.g., coal tars and heavy oils 
[2,3,23–25]). 

Smouldering is a flameless form of combustion where oxygen in the 

pore space transports and reacts with the surface of the condensed phase 
fuel [26,27]. Smouldering is commonly seen in a traditional charcoal 
barbecue. In most contexts, the rate of energy production is hypothe-
sized to be limited by local oxygen transport in the pore space [26–29], 
though many smouldering models assume the process is limited by 
chemistry [30,31]. The interplay between chemistry and local mass 
transport is not yet well-understood in most smouldering systems and 
warrants more attention [26]. Regardless, if the rate of energy produc-
tion near the reactions exceeds the rate of energy lost, smouldering will 
proceed in a “self-sustaining” manner. Within the context of a porous 
medium, heat and mass transfer can be represented by diffusive ap-
proximations and therefore the characteristic time of heat generation 
and heat losses are equivalent [26]. Combustion chemistry and radiation 
cannot be approximated in this manner in flaming combustion because 
they are much faster processes than diffusive heat and mass transfer. 
This means that smouldering, as opposed to flaming, is considered 
energy-efficient, as minimal external energy is needed to operate, and 
ranks highly in sustainability metrics [32]. This is beneficial for wastes 
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contaminated with recalcitrant compounds with few disposal options, e. 
g., soil contaminated with per- and polyfluoroalkyl substances [33]. 

In many smouldering applications, the system is comprised of the 
fuel/waste mixed within an inert porous media (IPM) – such as silica 
sand. The IPM offers many supports for smouldering, including good air 
permeability for oxygen delivery, high specific surface area for reaction, 
and efficient heat transfer within the system [23,26,34]. Furthermore, 
the addition of IPM can stabilize the reaction front [35] and allow higher 
moisture content (MC) waste to be managed through recycling the 
released reaction energy. Indeed, multiple studies have shown that 
increased IPM fractions can stretch the MC limit to 75–85% for various 
biomass sludges [21,22,34]. However, there are downsides to mixing 
wastes with sand prior to treatment, e.g., the sand management before 
and after treatment and considerable time is required to cool down the 
system after treatment – both of which add engineering complexity 
[36,37]. 

Gasification and pyrolysis systems exhibit numerous technical simi-
larities to applied smouldering systems. In these systems, the use of 
catalytic and non-catalytic IPM can improve system performance by 
driving higher gas production (e.g., H2 and CO) [38,39], lowering tar 
production [40], and improving heat transfer rates [41]. However, these 
systems routinely use porous solid fuels (PSFs) alone without IPM, e.g., 
from agricultural, forestry, and municipal sources [42]. Using PSFs 
directly increases throughput and simplifies handling; however, these 
systems exhibit lower MC% limits than IPM smouldering systems. For 
example, updraft gasifiers using PSFs, which are similar to PSF smoul-
dering systems, typically require fuels with ≲60% MC [43]. This sug-
gests, while there are benefits in replacing IPM in applied smouldering 
systems with PSFs, there are also trade-offs. 

1.2. Smouldering zones in IPM and PSF systems 

Smouldering is characterized by a series of interdependent zones that 
evolve in space and time. These zones foster a dynamic thermal system, 
where the importance of each zone varies depending on the fuel type, 
porous media properties, air flux, etc. [26,44]. The key zones common to 
smouldering systems are the inert heating, reaction, and cooling zones. 
These zones are similar to those found in gasifiers and pyrolizers 
[42,43]. While most applied smouldering systems use IPM, many 
pyrolizers and gasifiers (as well as smouldering fire problems) involve 
PSF systems, which inform Fig. 1. 

The inert heating zone is an endothermic, reaction-free region 
characterized by phase change processes (e.g., water phase change [45]) 

and fuel preheating, driven by the heat transferred upstream from the 
reaction zone. Local-thermal non-equilibrium (LTNE) drives heat 
transfer to unreacted fuel [46]. The cooling zone is also reaction-free 
and is driven by heat transfer between the hot porous media and cool 
incoming air [47]. Because large fractions of IPM are often used in 
common applied smouldering systems that support fuel-limited propa-
gation (often >80% of the mixture mass), the cooling zone is fuel-free 
and, like the inert heating zone, driven by LTNE heat transfer. More-
over, because the smouldering velocity (voxid) is often larger than the 
cooling velocity (vcool) in IPM systems, the cooling zone grows 
throughout smouldering propagation [47–49]. The cooling zone serves a 
key function: it provides a buffer against extinction from reaction per-
turbations (i.e., bolsters resilience against the termination of chemical 
reactions to local heat losses [44,50]), like porous burners [40,51]. 
However, long cooling zones are also problematic, as they are respon-
sible for: (i) nearly all perimeter heat losses from the system (i.e., an 
inefficiency) [46,47,52] and (ii) non-uniform air flux (i.e., a liability) 

Nomenclature 

AD Anaerobic digestate 
C Centreline 
CEMS Continuous emissions measurement system 
CP Coffee pulp 
DT Dimensionless time 
DRUM Oil-drum sized reactor (0.300 m radius) 
GAC Granular activated carbon 
IPM Inert porous media 
LAB Large laboratory reactor (0.080 m radius) 
LAB2 Small laboratory reactor (0.054 m radius) 
LTNE Local thermal non-equilibrium 
MC Moisture content (wet mass basis) 
MS Macadamia nut shells 
MW Mushroom waste 
OS Oil sludge 
P Plenum 
PP Pulp and paper digestate 

PSF Porous solid fuel 
SH Sunflower husks 
SS Municipal sewage sludge 
TC Thermocouple 
THCs Total Hydrocarbons 
WC Construction waste woodchips 

Latin letters 
m Mass loss, kg 
t Time, s 
vcool Cooling velocity, m s− 1 

voxid Smouldering velocity, m s− 1 

x Fuel bed height, m 

Subscripts 
f Final 
i Initial 
ig Ignition 
off Heater off  

Air flux

Cooling Zone

Inert Heating 
Zone

(Fuel and IPM)

(IPM and ash)

Temperature

(Pyrolysis)
Reaction Zone(Oxidation)

Air flux
Temperature

Reaction Zone

Fuel Movement

Inert Heating 
Zone

(Fuel)

(Pyrolysis)

(Oxidation)

(Gasification)

Cooling Zone
(Ash)

(b)(a)

Fig. 1. Key zones in applied smouldering systems using either: (a) porous solid 
fuel (PSF) or (b) inert porous media (IPM). The cooling, reaction, and inert 
heating zones are highlighted for further discussion and the reaction zone is 
further subdivided into the oxidation, gasification, and pyrolysis regions. The 
solid and dashed lines indicate the conceptual solid and gas phase tempera-
tures, respectively, due to local thermal non-equilibrium. The callouts depict 
characteristic representative elementary volumes from each system, where the 
changing size depicts the shrinkage throughout the system and the colours 
approximate the oxygen distribution in space, i.e., white indicates oxygen- 
depleted areas. The smouldering and cooling velocities (voxid and vcool, respec-
tively) are also labelled, where voxid > vcool. 
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[48,53]. In contrast, the small fraction of inert material in PSF systems 
(i.e., only ash) fosters a much thinner cooling zone. While this thinner 
cooling zone minimizes air flow distortions and heat losses from PSF 
systems, it also leaves the oxidation reactions exposed and therefore 
more sensitive to thermal perturbations [50]. 

The reaction zone in IPM systems is often quite thin [O(0.001–0.01 
m)] due to the small fuel concentrations [26]. However, PSF smoul-
dering systems (i.e., with larger fuel fractions) foster thicker reaction 
zones, e.g., fire safety hazards like polyurethane foam [26] and peat soil 
[30,54]. These PSF systems often foster oxygen-limited smouldering 
propagation. In all cases, the chemical activity in the smouldering re-
action zone is complicated by competing endothermic and exothermic 
reactions [30,31,55]. Though, in forward smouldering systems (i.e., air 
flow and smouldering spread in the same direction), the endothermic 
reactions (e.g., pyrolysis) generally proceed ahead of the exothermic 
reactions (e.g., oxidation) [26]. 

Fig. 1 shows that, while these characteristic zones are common to 
IPM and PSF smouldering systems, there are important differences in 
their sizes and intensities - especially in the cooling and reaction zones. 
In PSF systems, less heat is stored in the cooling zone than in IPM sys-
tems, and therefore a greater fraction of the combustion energy is 
transferred forward to drive downstream endothermic reactions (i.e., 
pyrolysis and gasification in Fig. 1a). Moreover, the reaction zone in the 
PSF systems facilitate a wider range of degradation reactions than in IPM 
systems. Under well-tailored conditions, it can drive more gasification 
(e.g., char gasification) between the oxidation and pyrolysis reactions; 
essentially, the key processes in an updraft gasifier [42]. In part, these 
differences are due to the comparatively large fuel loading in PSF sys-
tems, which fosters anoxic conditions at sufficiently high temperatures 
to favour gasification. Given the lower fuel loadings, these conditions 
are not attained in most IPM systems. Fig. 1 also overlays the charac-
teristic solid and gas phase temperatures, the expected oxygen distri-
bution in the pore space, and the shrinkage in both systems (which keeps 
the PSF systems' reaction zone nearly fixed in space in the as fuel moves 
downward). The characteristic changes in the zones in IPM or PSF 
smouldering systems are anticipated to govern the benefits and trade- 
offs of each approach, but very few applied smouldering studies 
contrast them. 

This study presents a quantitative analysis of 44 experiments across 
different reactor scales exploring the use of smouldering for co-waste 
management. The focus is primarily on sewage sludge mixed with 
waste construction woodchips, emphasizing a porous solid fuel (PSF). By 
contrasting these results with treatment of sewage sludge mixed with 
sand (i.e., an inert porous media, IPM), valuable insight is drawn be-
tween these systems that govern their benefits and trade-offs. The con-
clusions support designing improved applied smouldering and related 
thermal conversion systems including gasifiers and pyrolizers. 

2. Methodology 

Table 1 details the experimental conditions from 44 smouldering 
experiments performed with a range of wastes: municipal sewage sludge 
(SS), agricultural waste [macadamia nut shells (MS), mushroom waste 
(MW), coffee pulp (CP), and sunflower husks (SH)], construction waste 
woodchips (WC), pulp and paper digestate (PP), anaerobic digestate 
(AD), and oil sludge (OS). These wastes were smouldered alone (Single 
Wastes, Table 1), mixed with sand in IPM systems, or combined in PSF 
co-waste experiments (Co-Wastes, Table 1). The PSF co-waste systems 
aimed to combine wastes that could not smoulder alone (i.e., oil and 
sewage sludges) with smoulderable wastes (i.e., construction waste 
woodchips, agricultural waste, and pulp and paper digestate) to form 
smoulderable mixtures. Most of the discussion below is focused on the 
sewage sludge PSF and IPM experiments with woodchips and sand, 
respectively, performed in the laboratory reactor (LAB: 0.08 m radius) 
and oil-drum sized reactor (DRUM: 0.3 m radius). Experimental mea-
surements included: temperature histories with thermocouples (TCs), 

emissions (CO, CO2, total hydrocarbons, CH4, H2, and O2), and contin-
uous mass loss. All experiments followed established applied smoul-
dering experimental methods [23,24,34,49,53,56]. Though these 
experiments used varying setups and ignition procedures, the smoul-
dering behaviour examined in this study was unaffected by these dif-
ferences [53]. See additional experimental information, 
characterization, and methodology details in the Supplementary Mate-
rials, Section S.1. 

3. Results and discussion 

3.1. Temperature profiles in IPM and PSF systems 

Table 1 presents key smouldering results that demonstrate many co- 
waste mixtures supported self-sustaining smouldering (i.e., sewage 
sludge mixed with woodchips and agricultural wastes) and many waste 
streams supported smouldering alone (i.e., agricultural wastes, pulp and 
paper digestate, and anaerobic digestate). Note that, the wet fuel mass 
fractions are presented in the Experimental Conditions and the fuel MC% 
and ash% were evaluated on wet mass bases (i.e., only the wet fuel 
fraction for the IPM experiments and the entire mixtures for the PSF 
experiments). These experiments highlight a wide range of conditions 
with different wastes and mixtures that support self-sustaining smoul-
dering. Moreover, they reveal key differences between IPM and PSF 
systems. For example, the MC limit observed in the PSF experiments 
using woodchips and sewage sludge (i.e., between 64% and 71% from 
LAB PSF1 and PSF5, respectively) align with the updraft gasifier liter-
ature, ≲ 60-65% [43]. The IPM experiments also demonstrate self- 
sustaining smouldering was achievable with mixtures using >74% 
MC, which also agrees with the applied smouldering literature [19]. 
However, a few PSF experiments (i.e., LAB PSF12-14) achieved self- 
sustaining smoulder with a higher MC (75%) using anaerobic diges-
tate. In part, this result is due to the higher ash content in anaerobic 
digestate (15%) than the woodchips/sewage sludge mixtures 
(6.3–8.0%), which fostered improved energy recycling between the 
cooling and reaction zones – common in IPM systems. However, many 
other variables also affect this limit (e.g., fraction of bound water, sur-
face area for reaction, calorific content, fixed/volatile carbon fractions). 

Fig. 2 illustrates the temperatures measured along the centreline at 
three snapshots in time in three repeat IPM experiments (DRUM IPM1, 
IPM2, and IPM3) and two different PSF experiments (DRUM PSF1 and 
PSF2; see Table 1 for extra details). The dimensionless time (DT) was 
defined by the ignition and end of smouldering times to compare ex-
periments with varying bed lengths and processing rates [57] (see de-
tails on evaluating these times in the Supplementary Materials, Section 
S.4). Note that dimensionless analyses can help elucidate many 
complicated phenomena in smouldering systems, such as the effect of 
heat losses with scale and the transition from robust to weak smoul-
dering [47,49]. These experiments facilitated self-sustaining smoul-
dering but characteristically different temperature profiles, which 
corroborate Fig. 1. As shown in Fig. 1a, the peak temperatures in the PSF 
systems in Fig. 2a–c (corresponding approximately to the beginning of 
the reaction zone locations) were nearly fixed around 0.1–0.2 m up the 
column. This is because the resulting ash consolidated in the cooling 
zone below the peak temperatures and fuel from above tumbled into the 
reaction zone. On the other hand, Fig. 2d and e shows that that smoul-
dering reaction zone travelled up the system as the IPM formed a fixed 
matrix that fostered smouldering propagation. These differences high-
light one practical distinction of PSF systems: they offer a straightfor-
ward path towards continuous operation as only small fractions of ash 
need to be removed from the system over time, as opposed to larger 
fractions of sand or other inert material in IPM systems (this point is 
further discussed below in Section 3.2). 

Fig. 2 also shows that, in the context of the TC resolution, the cooling 
zones in the PSF experiments (< 0.1 m in Fig. 2a–c) were much thinner 
in than in the IPM experiments (~0.1 to 0.3–0.4 m in Fig. 2d and f, 
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Table 1 
Experimental conditions and key smouldering front results.  

Experimental conditions Smouldering front results 

Experiment1 Porous solid fuel or sand: non- 
smoulderable fuel 
[g:g] 
LAB ±0.3% 
DRUM ±2% 
| MC ± 0.1%, Ash ± 0.1% 

Darcy air 
flux 
(21.1◦C, 
1 atm) 
[cm s− 1] 
LAB ±3% 
DRUM 

±2% 

Initial fuel bed 
height 
[m] 

± 0.003 m 

Self- 
sustaining? 
[Yes/No/ 
Borderline] 

Mean centreline 
propagation velocity 
[cm min− 1] 
LAB ±4% 
DRUM ±10% 

Mean centreline peak 
temperature 
[◦C] 
LAB ±1% 
DRUM ±4% 

Mean 
CO(vol.%)

CO2(vol.%)

LAB ±10% 
DRUM 

±2% 

Porous solid fuel experiments (co-wastes) 
DRUM PSF1 0.4 (WC): 1 (SS) | 64, 8.0 2.5–5.0 0.434 Y – 796 0.16a 

DRUM PSF2 0.7 (WC): 1 (SS) | 48, 12 0.8–5.0 0.537 Y – 978 0.24a 

LAB PSF1 0.4 (WC): 1 (SS) | 64, 7.9 5.0–6.0b 0.245 Y – 799 –a 

LAB PSF2 0.7 (WC): 1 (SS) | 49, 11 5.0–6.0b 0.170 Y – 655 –a 

LAB PSF3 0.4 (WC): 1 (SS) | 56, 9.6 5.0–6.0b 0.500 Y – 896 –a 

LAB PSF4 0.4 (WC): 1 (SS) | 56, 9.6 5.0–6.0b 0.265 Y – 898 –a 

LAB PSF5 0.4 (WC): 1 (SS) | 71, 6.3 5.0–6.0b 0.185 N – – –a 

LAB PSF6 1.3 (WC): 1 (SS) | 38, 12 5.0–6.0b 0.135 Y – 1022 –a 

LAB PSF7 5.0 (MW): 1 (SS) | 22, 21 5.0–6.0b 0.140 Y – 1061 –a 

LAB PSF8 2.0 (MS): 1 (SS) | 34, 4.9 5.0–6.0b 0.115 Y – 1164 –a 

LAB PSF9 9.0 (PP): 1 (OS) | 59, 23 5.0 0.400 B – 923 –a 

LAB PSF10 2.5 (PP): 1 (OS) | 47, 18 5.0 0.400 N – – –a 

LAB PSF11 7.0 (PP): 1 (SS) | 66, 23 5.0 0.400 N – – –a  

Porous solid fuel experiments (single wastes) 
LAB PSF12 AD-only | 75, 15 2.5 0.350 Y – 752 0.24 
LAB PSF13 AD-only | 75, 15 5.8 0.324 Y – 765 –a 

LAB PSF14 AD-only | 75, 15 1.7–12.5 0.288 Y – 872 –a 

LAB PSF15 PP-only | 65, 25 5.8 0.290 Y – 882 0.20 
LAB PSF16 SS-only | 75, 7.2 5.0–6.0b 0.203 N – – –a 

LAB PSF17 CP-only | 1.0, 9.2 5.0–6.0b 0.105 Y – 1240 –a 

LAB PSF18 MS-only | 10, 3.9 5.0–6.0b 0.100 Y – 1161 –a 

LAB PSF19 MW-only | 7.5, 23 5.0–6.0b 0.100 Y – 1247 –a 

LAB PSF20 SH-only | 5.9, 4.3 5.0–6.0b 0.173 Y – 1160 –a 

LAB PSF21 WC-only | 1.0, 6.4 5.0–6.0b 0.080 Y – 1269 –a 

c LAB2 
PSF22 

WC-only | 11, 16 2.5 0.395 Y 1.2 1228 –a  

Inert porous media experiments (sewage sludge with sand) 
DRUM IPM1 6.5:1 | 72, 6.4 5.0 0.621 Y 0.27 500 0.22 
DRUM IPM2 6.5:1 | 72, 7.6 5.0 0.610 Y 0.23 475 0.21 
DRUM IPM3 6.5:1 | 74, 5.7 5.0 0.592 Y 0.24 481 0.22 
DRUM IPM4 4.5:1 | 73, 5.9 3.0 0.542 Y 0.14 482 0.16 
DRUM IPM5 4.5:1 | 75, − d 1.0 0.522 Y 0.09 436 0.16 
DRUM IPM6 16:1 | 40, 14.4 5.0 0.382 Y 0.40 512 0.14 
DRUM IPM7 4.5:1 | 73, 6.5 5.0 0.641 Y 0.20 528 0.18 
DRUM IPM8 4.5:1 | 74, 6.5 15 0.612 Y 0.25 459 0.18 
LAB IPM1 6.5:1 | 72, 7.6 5.0 0.410 Y 0.46 519 0.25 
LAB IPM2 6.5:1 | 72, 7.6 5.0 0.448 Y 0.48 525 0.25 
LAB IPM3 6.5:1 | 74, 5.7 5.0 0.440 Y 0.49 524 –a 

LAB IPM4 23:1 | 3.2, 28 5.0 0.340 Y 0.53 516 0.27 
LAB IPM5 23:1 | 3.2, 28 4.6 0.283 Y 0.46 569 0.22 
LAB IPM6 4.5:1 | 75, − d 5.0 0.438 Y 0.43 541 0.20 
LAB IPM7 4.5:1 | 73, 5.4 3.3 0.400 Y 0.33 547 –a 

LAB IPM8 4.5:1 | 72, 7.4 3.3 0.550 Y 0.32 564 –a 

LAB IPM9 4.5:1 | 72, 8.3 3.3 0.428 Y 0.33 566 –a  

Inert porous media experiments (pulp and paper or digestate with sand) 
LAB IPM10 (P&P) 3.5:1 | 34, 16 5.0 0.169 Y 0.73 766 0.26 
LAB IPM11 (AD) 3.3:1 | 74, 2.5 5.8 0.321 Y 0.62 587 0.29 
LAB IPM12 (AD) 3.3:1 | 74, 2.5 4.2 0.310 Y 0.30 554 –a  

1 DRUM, LAB, and LAB2 experiments were performed 0.300, 0.080, and 0.054 m radii reactors, respectively. 
a Emissions analyzer was not operational or exceeded the calibration range for a portion of the experiment. 
b The air mass flux was fixed at 5.0 cm s− 1, but the controller exhibited an unusually large error and the actual flow could have been 15–20% higher than anticipated. 

Therefore, 5.0–6.0 cm s− 1 is reported, though the air flux was not changed throughout each experiment. 
c Used a thin laboratory reactor (radius = 0.054 m) and smouldered in a downward orientation (see Supplementary Materials, Fig. S.4). 
d The ash content was not measured. 
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respectively). These thin cooling zones in the PSF experiments were due 
to the rapid energy dissipation from the small fractions of ash trailing 
smouldering. This is a strong contrast to the IPM profiles which devel-
oped long cooling zones that grew throughout time based on the system 
properties – see additional details in the Supplementary Materials, 
Section S.7. These growing cooling zones are characteristic of IPM 
smouldering systems, which provide a buffer against reaction pertur-
bations (i.e., a benefit) but can also lead to non-uniform air flux (i.e., a 
trade-off). Therefore, by reducing the length of the cooling zone in PSF 
systems, the heat losses behind the front were reduced and the airflow 
feeding the reactions was more uniform (this benefit is further examined 
in Section 3.2). However, a trade-off in PSF systems, as mentioned 
above, is that the reaction zone does not have the stability like in IPM 
systems due to its thinner cooling zone and it is therefore more sensitive 
to perturbations that can lead to extinction and process failure. 

The reaction zone does not appreciably grow in IPM systems because 
of the fuel-limited nature of propagation (see extra discussion and data 
in the Supplementary Materials, Section S.6). In contrast, the reaction 
zone may grow in PSF systems because propagation is oxygen-limited. 
Therefore, oxygen-starved reactions (e.g., gasification, pyrolysis) can 
progress faster than oxidation and stretch the reaction zone. This 
stretching is common to PSF smouldering systems in the fire safety 
literature [26], and further discussed below in Section 3.2. Altogether, 
this reaction zone growth, with increasing fraction of endothermic re-
actions, can limit peak temperatures and increase the propensity to 
extinction in PSF systems. 

Fig. 2 also shows the peak temperatures in the PSF experiments 
(700–1000◦C throughout DRUM PSF1-2) were higher than the IPM ex-
periments (440–540◦C throughout DRUM IPM1-3) due primarily to 
increased fuel loading. The peak temperatures throughout each experi-
ment were also more variable in the PSF experiments due to the 
collapsing fuel beds, which caused more chaotic smouldering than in the 
IPM experiments (see temperature histories in the Supplementary Ma-
terials, Section S.5). In addition, the emissions leaving the DRUM reactor 
were much hotter in the PSF experiments (> 200◦C) than the IPM ex-
periments (< 80◦C) while the reaction front was appreciably far from 
the end of the fuel bed (> 0.1 m). These hot emissions in the PSF ex-
periments are uncommon in IPM experiments, the energy released from 
the reaction zone is quickly transferred to the nearby IPM, even in sys-
tems with similarly high peak temperatures (700–1000◦C), e.g., using 
granular activated carbon [33,49,58]. 

The hot emissions in the PSF experiments are suspected to be due to a 

combination of LTNE, permeability heterogeneity, and non-uniform 
drying in the PSF systems. Locally, a fraction of the energy released by 
smouldering is transferred to the gas phase in both systems, which then 
drives preheating ahead of the reactions due to LTNE heat transfer 
[46,59]. IPM systems typically have a sufficient specific surface area to 
drive good LTNE heat transfer, but the PSF experiments used larger, 
clumped fuel particles with a lower specific surface area (see comparison 
photos in the Supplementary Materials, Section S.1). This distinction is 
specific to these PSF experiments, as other PSF systems (e.g., poly-
urethane foam) do have sufficiently high specific surface area [26]. 
Globally, there is evidence that: (i) mixture heterogeneity and (ii) non- 
uniform drying also contributed to hot emissions (see additional com-
mentary in the Supplementary Materials, Section S.5). These issues were 
most pronounced in the DRUM experiments. While care was taken in 
preparing all mixtures in this study, heterogeneities (e.g., in perme-
abilities) were inevitable due to the nature of the wastes. These het-
erogeneities were responsible for some air channelling around 
smouldering reactions, e.g., as shown by [36,58]. In addition, temper-
ature profiles show that fuel near the reactor walls dried faster than the 
fuel near the centre (i.e., non-uniform drying), which also contributed to 
hot air channelling away from the reactor centreline (see Supplementary 
Materials, Section S.5). Non-uniform drying is hypothesized here to have 
mainly resulted from non-uniform air flux, i.e., higher air fluxes near the 
reactor wall due to heat losses. Altogether, these local and global dif-
ferences led to less efficient heat transfer ahead of the PSF experiments, 
particularly in DRUM PSF1 and PSF2, with higher smouldering emis-
sions temperatures than all IPM experiments. 

Altogether, while the reasons governing the hot emissions in the PSF 
cannot be fully resolved in these experiments, they are highlighted as an 
inefficiency, as that lost energy could be used to drive productive ac-
tivities, e.g., more gasification, higher fuel processing rates, or improve 
reaction stability. This result also highlights an important benefit in IPM 
systems, which is that the released reaction energy is more easily recy-
cled when using large fractions of IPM. 

3.2. Scalability and semi-continuous operation in PSF systems 

Fig. 3a and b show the temperature, mass loss, and specific mass loss 
rate histories from sewage sludge experiments with woodchips (LAB 
PSF3) and sand (LAB IPM2). Fig. 3c and d show the temperatures and 
approximate reaction (i.e., pyrolysis and oxidation) velocities, respec-
tively, from an experiment with only woodchips (LAB2 PSF22). The 

Fig. 2. Centreline temperatures in: (a–c) DRUM PSF1 and PSF2 and (d–f) DRUM IPM1, IPM2, and IPM 3. The legends in (a) and (d) are common to (a–c) and (d–f), 
respectively. The solid markers indicate the temperatures in the fuel beds, which collapsed over time in DRUM PSF1 and PSF2, and the open markers indicate the 
emissions temperatures in the air space above the fuel beds. The solid lines illustrate the approximate temperature profiles in the fuel beds. 
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pyrolysis and oxidation velocities were estimated from the times when 
each TC heated above 200◦C and reached its peak temperature, 
respectively. Note that the smouldering and pyrolysis velocities are 
often very similar in IPM systems, as these reactions typically travel 
close together (e.g., as seen in the consistent sharp heating rates 
observed in Fig. 3b) [60]. Self-sustaining smouldering established 
shortly after the heater was turned off (~ 20, 90, and 27 min in Fig. 3a–c, 
respectively). Furthermore, practically all fuel was consumed, i.e., >
99% of the smoulderable mass was removed in LAB PSF3 and LAB IPM2, 
as some mass often remains in the crust around the perimeter [11,53]. 
However, the median specific mass loss rates were roughly two-fold 
higher in LAB PSF3 (95 kg hr− 1 m− 2, Fig. 3a) than LAB IPM2 (44 kg 
hr− 1 m− 2, Fig. 3b), even though the smoulderable mass loading was 
seven-fold higher in LAB PSF3 than LAB IPM2. This indicates that, while 
the mass loss rate increased with fuel-loading, it did not increase pro-
portionally. This result may be due to shifting smouldering propagation 
control (i.e., from being fuel- to oxygen-limited in IPM to PSF systems, 
respectively). Like shown in Fig. 2, the higher fuel loading also led to 
hotter peak temperatures in LAB PSF3 (880–960◦C, Fig. 3a) than LAB 

IPM2 (520–570◦C, Fig. 3b). 
Because the reaction zone was nearly stationary in LAB PSF3, the 

smouldering reactions occurred in single locations for much longer than 
in LAB IPM2. That is, LAB PSF3's TCs 4 and 5 oscillated near the peak 
temperatures for approximately 70 and 50 min, respectively, whereas all 
peak temperatures immediately dissipated in LAB IPM2. In addition, 
Fig. 3 shows that LAB PSF3 exhibited slower heating rates than LAB 
IPM2 at the same applied air flux. This is likely due to the wider range of 
reactions in LAB PSF3, particularly the inclusion of gasification re-
actions (see Fig. 1). However, unlike the comparisons between DRUM 
PSF1-2 and DRUM IPM1-3 (Fig. 2), the LAB PSF3 emissions tempera-
tures were cool throughout most of smouldering (< 70◦C until 86 min). 
These cool emissions were common among many LAB PSF experiments, 
which suggests that the global heat transfer effects (i.e., from mixture 
heterogeneity and non-uniform air flux) likely governed the hot emis-
sions seen in DRUM PSF1-2. Mixture heterogeneities and non-uniform 
air flux both worsen in larger reactors [53]. 

Fig. 3c shows a unique PSF experiment that supported downward 
forward smouldering; therefore, the fuel did not tumble into the reaction 

Fig. 3. Temperature, mass loss, and mass loss rate histories from (a) LAB PSF3 and (b) LAB IPM2; and (c) temperature and (d) reaction velocity histories from LAB2 
PSF22. The heater-off and air-on times are noted with vertical dashed lines. The dotted lines in (c) note the temperatures in the unreactive clean sand layer from 0.40 
to 0.76 m. 
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zone like in all other PSF experiments (as shown in Fig. 1a), but instead 
the smouldering zones travelled downward. As discussed earlier, this 
experiment shows two different velocities observed for oxidation and 
pyrolysis, where the medians from Fig. 4d are 1.2 and 2.6 cm min− 1, 
respectively. Therefore, the reaction zone in this experiment grew over 
time and became increasingly sensitive to perturbations. This experi-
ment demonstrates some unsteady processes that can lead to problems 
in PSF systems. 

As introduced earlier, a key benefit of PSF systems is their suitability 
for simple continuous (or semi-continuous) operation. Fig. 4 shows two 
proof-of-concept, semi-continuous experiments using: (i) sewage sludge 
mixed with woodchips (LAB PSF4, Fig. 4a) and (ii) anaerobic digestate 
alone (LAB PSF12, Fig. 4b). These experiments added ~1.0 and ~ 0.2 kg 
batches in Fig. 4a and b, respectively. The last addition of 2.5 kg in 
Fig. 4b was from adding a clean sand cap (for safety purposes). This 
allowed ~7 kg of fuel to be treated semi-continuously in both LAB PSF4 
and PSF12 (approximately two full LAB reactors). The peak tempera-
tures are comparable to other PSF experiments (900 and 750–860◦C in 
LAB PSF4 and PSF12, respectively) and their nearly steady specific mass 
loss rates (medians 162 and 98 kg hr− 1 m− 2 in LAB PSF4 and PSF12, 
respectively) indicate that the experiments' self-sustaining smouldering 
did not deteriorate over time. 

As these experiments were conducted over short durations for proof- 
of-concept purposes, the ash accumulation was not a concern. In 
application, these systems will need to remove the accumulated low 
permeability ash so that it does not cause a pressure buildup or lead to 
air channelling. For example, the ash permeability measured in LAB 
PSF12 (following ASTM D6539-13) was very low (5 ± 1E-13 m2) 
compared to that of the coarse grain sand and sewage sludge ash (e.g., 
measured from DRUM IPM8 as 3 ± 1E-10 m2). A semi-continuous sys-
tem can also be implemented in IPM systems but requires removing 

large fractions of IPM, e.g., [39,61,62]. By contrast, much less inert 
material needs to be removed from PSF systems (i.e., only fuel ash). 
Therefore, simpler ash management systems can be integrated into PSF 
systems than IPM systems. 

Another key benefit associated with PSF systems is their scalability. 
Fig. 5 compares the specific mass loss rates from IPM and PSF experi-
ments in the DRUM reactor against the same experimental conditions in 
the LAB reactor. The mass loss rates in the PSF and IPM experiments are 
visualized after ignition and over dimensionless time (DT), respectively 
(see details in the Supplementary Materials, Section S.4). All experi-
ments were supplied with a Darcy air flux of 5–6 cm s− 1, where the mass 
loss rates in DRUM PSF1 and PSF2 are plotted until the air flux was 
lowered below 5 cm s− 1 (which was done for safety purposes to control 
the emissions temperatures). 

Fig. 5a underscores the higher processing rates (> 100 kg hr− 1 m− 2) 
in PSF systems compared to IPM systems (< 50 kg hr− 1 m− 2) due to their 
higher fuel loading. In addition, the maximum specific mass loss rates 
from the DRUM PSF experiments (160–210 kg hr− 1 m− 2, Fig. 5a) were 
similar or higher than their LAB counterparts (100–211 kg hr− 1 m− 2, 
Fig. 5a). Conversely, Fig. 5b shows that the DRUM IPM experiments 
exhibited nearly half the average specific mass loss rates of their LAB 
counterparts, i.e., 30 and 26 kg hr− 1 m− 2 in DRUM IPM1 and IPM3, 
respectively, versus 46 and 53 kg hr− 1 m− 2 in LAB IPM2 and IPM3, 
respectively. The decrease in processing rates from the LAB to DRUM 
IPM experiments was due to non-uniform air flux, which caused air 
channelling along the unreactive crust near the DRUM walls in the long 
cooling zones [53]. Because the PSF systems did not facilitate long 
cooling zones, the DRUM PSF experiments processing rates were mini-
mally impacted by non-uniform air flux. This capacity to foster high 
processing rates is a key advantage of PSF systems. 

Fig. 4. Temperature, mass loss, and mass 
loss rate histories from (a) LAB PSF4 and (b) 
LAB PSF12 showing two proof-of-concept, 
semi-continuous smouldering experiments. 
The heater-off times and the air-on time in 
(b) are noted (as LAB PSF4 and LAB PSF12 
used convective and conductive ignition, 
respectively). Only the bottom 0.055 m and 
0.070 m were instrumented with thermo-
couples (TCs) in (a) and (b), respectively, to 
minimize the bridging as the fuel bed 
collapsed downward. The time ranges when 
new fuel was added semi-continuously are 
shaded in grey.   
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3.3. The differences in emissions between IPM and PSF systems 

Fig. 6a–d show the evolution CO, CH4, and total hydrocarbons 
(THCs), respectively, from select IPM and PSF experiments. These 
emissions are normalized to the corresponding dynamic CO2 fractions to 
account for differences in air flow dilution due to emissions sampling 

differences (see the Supplementary Materials, Section S.1). In addition, 
Fig. 6e shows O2 measured at the outlet throughout select LAB IPM and 
PSF experiments, and Fig. 6f shows the H2 fractions measured from 
discreet grab samples in DRUM PSF2 at different times in the experiment 
with different air fluxes. The major data gaps from DRUM PSF1 and 
PSF2 in Fig. 6a were because the CO measurements initially in these 

Fig. 5. Specific mass loss rate profiles from (a) LAB PSF1, LAB PSF2, DRUM PSF1, LAB IPM2, LAB IPM3, DRUM IPM1, and DRUM IPM3 plotted after ignition and (b) 
LAB IPM2, LAB IPM3, DRUM IPM1, and DRUM IPM3 plotted over dimensionless time. Note the LAB and DRUM comparisons used the same experimental conditions, 
see Table 1. 

Fig. 6. CO/CO2 profiles in (a) DRUM and (b) LAB experiments, (c) total hydrocarbons (THCs)/CO2, and (d) CH4/CO2 profiles in DRUM experiments, where the 
legend in (c) is common to (a), (c), and (d). (e) O2 measured from select LAB experiments and (f) the H2 measured from DRUM PSF2 at various points in the 
experiment with different applied air fluxes, where the error bars note the maximum and minimum values from triplicate measurements. All emissions were 
measured as vol%. 
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experiments were above the calibration range (0–0.3%); the other data 
gaps in Fig. 6 were due to unrepresentative end-effects or experimental 
adjustments – see additional details in the Supplementary Materials, 
Section S.5. 

Fig. 6a and b show the CO/CO2 fractions from the PSF systems 
(bolded, black and grey) are roughly comparable to the IPM systems 
(coloured), between 0.1 and 0.4. These CO/CO2 fractions align with 
other observations from applied smouldering systems, often 0.05–0.4 
[26]. This CO/CO2 range likely reflects the diffusion-limited nature of 
smouldering in applied systems, i.e., fuel surface oxidation is limited by 
the rate of oxygen diffusion from the bulk pore space, which therefore 
drives incomplete oxidation reactions that result in characteristically 
high fractions of CO/CO2 [26,28]. Therefore, the common CO/CO2 
range in the IPM and PSF experiments suggests that oxidation may have 
proceeded similarly in these systems; however, this hypothesis is diffi-
cult to confirm. The large scatter in the PSF CO/CO2 histories is expected 
to reflect the wider range of endothermic reactions producing CO/CO2 
than in the IPM experiments, as well as the variable nature of the 
smouldering in those systems due to the fuel bed movement (also seen in 
the noisy temperature histories in Figs. 3 and 4). In addition, the DRUM 
IPM CO/CO2 fractions (Fig. 6a) were lower than the LAB IPM CO/CO2 
fractions (Fig. 6b). This is hypothesized to partially result from the non- 
uniform air flux in the DRUM IPM experiments, which drove faster 
airflow velocities near the unreactive reactor wall and led to weaker 
smouldering with lower propagation velocities, heating rates, and peak 
temperatures than the LAB IPM experiments [53]. Weaker smouldering 
can exhibit lower CO/CO2 fractions [49]. 

Fig. 6c shows the THCs/CO2 fractions were also similar throughout 
most of the DRUM PSF and IPM experiments. This result suggests that 
the pyrolysis regions, where most of the THCs were produced [19,26], 
were also relatively similar between the IPM and PSF systems. However, 
the IPM experiments showed large increases in THCs/CO2 near the end 
of propagation that did not occur in the PSF experiments. These large 
releases of THCs were due to condensable THCs (volatilized directly 
from the fuel or produced from pyrolysis or partial oxidation), which 
recondensed in the cooler porous media ahead of smouldering in the 
inert heating zone (see a correlation between emissions temperatures 
and THCs/CO2 in the Supplementary Materials, Section S.8). These 
condensable THCs accumulated in the IPM experiments and released in 
high concentrations as the smouldering front reached the end of the fuel 
bed, which was reported in other smouldering studies using IPM, e.g., 
[2,22,49,63,64]. This recondensation is absent from DRUM PSF1 and 
PSF2 systems as their hot emissions (Fig. 2a–c) carried these condens-
able compounds out of the reactors in the gas phase and prevented the 
recondensation effect observed in the DRUM IPM experiments. 

Fig. 6d shows very different CH4/CO2 values throughout the DRUM 
PSF and IPM experiments, where 10–100× higher CH4/CO2 values were 
observed in the PSF experiments. This large CH4 production may be 
partly due to the fuel differences between the PSF (woodchips and 
sewage sludge) and IPM (only sewage sludge) experiments, where the 
woodchips could have released higher fractions of CH4 upon smoul-
dering than sewage sludge. However, these large differences are also 
hypothesized to indicate more gasification reactions in the PSF experi-
ments (e.g., the methanation reaction) that drove higher CH4 production 
[42]. 

Fig. 6e shows the key differences in O2 consumption between IPM 
and PSF systems. That is, IPM systems with small fuel fractions do not 
typically consume all available oxygen, unlike PSF systems with large 
fuel fractions. Oxygen depletion is commonly observed in PSF smoul-
dering systems (e.g., [8,21,65]), which is expected to facilitate an active 
gasification region that is absent in IPM systems (Fig. 1). 

While H2 is highly uncommon in IPM smouldering experiments, 
Fig. 6f shows that DRUM PSF2 drove robust H2 production that 
increased with applied air flux. This result is hypothesized to occur 
because the higher air fluxes drove more intense gasification that was 
responsible for H2 production. Conversely, in the IPM experiments, H2 

was screened as <1% in the emissions from all DRUM IPM experiments 
using air fluxes between 1.0 and 15 cm s− 1; these H2 values are expected 
to also reflect the LAB IPM experiments (though H2 was not screened). 
H2 is not routinely measured in IPM smouldering experiments – because 
it is seldom detected – but H2 is often reported in PSF applied smoul-
dering systems at concentrations between 1 and 10% [19,21,65]. The H2 
production in DRUM PSF2 aligns with other PSF smouldering studies 
and is expected to result from the gasification region in PSF systems 
(Fig. 1a), which facilitated reactions like the water-gas shift and steam- 
methane-reforming reactions [19,42]. Though these reactions may have 
also been active to some extent within the IPM systems, the oxygen 
surplus probably oxidized the intermediate H2 formed, which would 
explain their low H2 production. 

Altogether, Fig. 6 illustrates an important benefit from PSF systems 
in fostering higher production of useful by-products (e.g., CH4 and H2) 
than IPM systems. Though CH4 and H2 differences are influenced by fuel 
differences to some extent, they both indicate the emergence of an active 
gasification region characteristic to PSF systems and absent in IPM 
systems (see Fig. 1). Furthermore, because the CO/CO2 and THCs/CO2 
were similar between the IPM and PSF systems, the other chemical re-
gions (e.g., oxidation and pyrolysis) appear to have proceeded similarly. 

4. Conclusions 

This experimental study explored the benefits and trade-offs of 
applied smouldering systems using co-waste mixtures blended with 
different porous biomass wastes against those with inert porous media 
(IPM) in various reactors (0.05 to 0.3 m radii). Compared to IPM sys-
tems, co-waste systems demonstrated higher throughputs (2–10×), 
improved scalability (due to thinner cooling zones), straightforward 
continuous operation (due to smaller inert fractions), and higher pro-
duction of potentially useful by-products (e.g., 10–100× more CH4 and 
up to 3% H2, which was undetected in IPM systems). However, co-waste 
systems exhibited lower moisture content limits than IPM systems 
(~64–71% vs. >74%, respectively). 
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