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Abstract: In the last 30 years Refuse Derived Fuel (RDF) has grown in popularity due to its percep-
tion as a readily available, renewable and sustainable fuel for power stations. This increased use of
RDF has been closely followed by an escalation of industrial fire and explosion-related incidents
associated with this fuel, showing the new hazards and inherent dangers brought by it. The re-
evaluation of specific fire and explosion protective measures is required. For RDF to have a contin-
ued role as an energy source in a volatile and difficult energy market, it must be perceived as: sus-
tainable; safe; easy; cheap; and reliable. If financial losses due to business interruption occur fre-
quently, then confidence in this area will dissolve, and while safety is paramount to prevent injury
and/or death, reputational damage must also be considered to secure energy supply and maintain
market confidence in RDF. This paper presents a review of previous investigations and scientific
studies, which, combined with the authors’ own RDF fire and explosion investigatory experience,
allows for a logical hypothesis to be made in relation to relative practices in storage and fuel route
fire safety management.

Keywords: Refuse Derived Fuel; RDF; RDF fire; RDF explosion; RDF storage; RDF smoldering; RDF
self-ignition

1. Introduction

The effect of fossil fuels on the environment has instigated an exploration of alterna-
tive fuel sources to replace them with other products, in an attempt to reduce environ-
mental impact and secure long-term energy capacity [1]. Historically, RDF technology in-
itially evolved in the USA in the early 1970s [2], and today RDF is established throughout
the world in the generation industry and is considered a proven technology.

RDF pellets are the end product of sorted Municipal Solid Waste (MSW); the com-
bustible and non-combustible parts are separated, and the combustible extracts are then
manufactured into a form, such as pellets or briquettes, that can then be effectively fired
in a generation boiler and classified by BS EN ISO 21640: 2021 [3].

RDF has gained prominence as an alternative fuel due to the vast quantity of non-
recyclable combustible waste materials that can be diverted from landfill and transformed
into a product that can be used to replace traditional generation incineration fuels [4,5].

It is recognized that the efficient use of RDF as an energy resource contributes to a
recycling-based society [6]. The RDF technology contributes towards managing MSW,
and RDF incineration without doubt reduces waste volume. This is particularly important
in highly urbanized areas where waste volumes are significant. In addition, combining
MSW with energy recovery, in any form, such as Waste to Energy, is an effective method
of waste disposal that unquestionably reduces landfill; however, the drawback to this is
that it is still reliant on combustion technology, which contributes to pollutants and nox-
ious emissions. Strict guidelines on the emission levels of certain toxic substances that are
harmful to human health are essential for this technology to remain credible and sustain-
able as a renewable source of energy [1].
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It is not expected that the continued global growth in RDF manufacture is likely to
diminish in the near future, and the presented research concentrates on associated safety
issues. It is important that the material handling, storage and bulk transport of RDF be
perceived as safe, in order for the industry to recognize it as a readily available and non-
hazardous fuel [5].

RDF fires are notoriously difficult to detect and extinguish when in enclosed storage
spaces and can last for days or even weeks [3,7,8]. Additionally, under conducive circum-
stances, the effluent from RDF deep-seated smoldering fires can lead to explosions
[1,2,7,9-15]. Until the recent introduction of BS EN ISO 21912:2021 [10], which covers the
safe handling and storage of solid recovered fuels, there was no specific guidance on fire
protection. It is therefore important and necessary to review current practices within RDF
pellet fuel handling and fuel storage, to prevent or at least mitigate future accidents to
make the industry as safe as possible. Incidents spanning a period of over 30 years in
industrial power plants provide no doubt that the handling and storage of RDF, due to its
physical characteristics, involves a tangible risk of fire and explosion. The number of his-
torical fire and explosion incidents has shown that there is a possible risk of injury and/or
death linked with pellet storage; consequently, appropriate and effective safety measures
must be applied.

Unfortunately, RDF tends to generate heat spontaneously and this heat build-up can
be a major risk, especially within large bulk storage. This can then be further exasperated
when certain conditions align, and heat generation from within the pile can lead to ther-
mal runaway and spontaneous ignition [1,4,11-13].

The potential for RDF self-heating seems to vary considerably and can be affected by
a wide range of factors, such as: producer/manufacturer; batch; segregation process; and
season (this is mainly due to the unpredictable nature of the MSW received at sorting
centers). Other factors such as ageing and/or degradation (due to different material han-
dling methods), storage type and localized environment can additionally affect the fuel’s
characteristics [2,6,11,12,14-24].

Evaluating scientific papers based on historical investigations (following fires and/or
explosions) at RDF sites around the world provides an insight into the behavioral charac-
teristics and the suspected reaction of RDF in fire conditions. It is widely recognized,
through the volume of research carried out, that the increased use of RDF pellets in power
generation has not been without its problems. One of the influencing reasons could be
that there was no formal definition or recognized standard guidance for RDF which, to
date, has normally been classified as waste and was often regulated as such. The previous
lack of recognized standards applied to the procedures associated with production, han-
dling/transport or end use possibly contributed to the major fire and explosion occur-
rences.

This study was undertaken to review the direct cause(s) which have given rise to this
type of incident, often without much of a reaction from regulators or the wider generation
industry. Further aims of the study are to look at existing practices within the RDF pellet
fuel handling and fuel storage industry, with a view to:

* Increase understanding of RDF in the energy and power industry sector.

* Explore the background of the current scientific understanding of RDF explosion
risks.

* Review the literature concerning RDF ignition, fire and explosion.

* Improve awareness of fire investigation in the field of RDF explosions.

¢ Improve the comprehension of the safety advice available on this topic.

The issues to be solved are:

*  The actions that should be taken to reduce the risk at RDF power generation sites.
* Possible causes and lessons that can be used to improve the material handling pro-
cesses.
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¢ Recommendations to assist in reducing the possibility and frequency of similar
events.

2. RDF Manufacture

The last 20 years have seen a worldwide increase in such RDF incidents [11,14,16],
ranging from minor to major (fires and explosions), with the most significant examples
documented in Japan [8,25], Europe [26,27] and the USA [28]. Some of these incidents,
unfortunately, have led to serious injuries and loss of life. During this period, there was
no initiative to develop specific guidance standards that could be applied to the proce-
dures associated with production, handling or use of RDF fuel by regulators, insurers,
trade associations or ‘end-users’, such as generation companies.

Standard RDF production involves the removal of non-flammable materials (metal,
glass, etc.,) from MSW, which is then usually shredded into small pieces. The shredded
MSW is dried and then compressed into a column approx. 50 mm to 100 mm by 20 mm at
100 °C under pressure to form pellets.

Alternatively, the final form can also be in the shape of briquettes or slugs [6]. Den-
sifying the waste (compacting into a fraction of its initial volume), by pelletizing, bri-
quetting or slugging, creates the fuel source from waste.

Shredding and/or sieving is widely used in the manufacturing process to convert
MSW into an RDF product, which makes it more efficient as a fuel due to particle size
reduction. Simply summarized, the MSW fuel to RDF pellet production process can be
described as:

*  Separation;

¢  Drying;

e  Screening;

*  Size production;

e Pelletizing/Briquetting/Slugging;
¢  Cooling;

*  Packing.

Whilst manufacturers aim for uniformity of product, the nature of MSW and its wide-
ranging composition makes this practically impossible, and further problems can arise if
the pellets are paper- or plastic-rich. RDF pellets that are poorly manufactured or poorly
stored are susceptible to disintegration and can start unravelling [1]. Moreover, MSW by
character is highly variable and constantly changing in composition and morphology, and
other influences on content, such as country/region, mean that the quality and composi-
tion of RDF pellets can be affected. The quality of pellet can further be influenced by ad-
ditional factors such as: the manufacturing process; processing and mixing post manufac-
ture; source; season; and type of final combustion. This all impacts the final manufactured
RDF product [4,26]. In turn, all of these factors can also influence heat generation and
ignition within the stored RDF.

Hence, the calorific value of RDF pellets—the amount of heat released during the
complete combustion process—can be very variable, anything between 18 to 28 MJ/kg
[29-31] (even as high as 36 M]/kg with a high organic waste content [32]), but this is subject
to trends in the use of solid recovered fuels [33,34].

The only way to know the true calorific value would be test every batch using a rec-
ognized method, such as BS EN 15400: 2011 Solid recovered fuels —Determination of cal-
orific value [35] or the latest version of BS EN ISO 21654: 2021 Solid recovered fuels—
Determination of calorific value [36-39]. Figure 1 demonstrates typical 6 and 8 mm RDF
Pellets.
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Figure 1. Typical 6 and 8 mm RDF Pellets (photo—] Januszewski).

3. RDF Production and Storage Hazards

Some manufacturers claim that RDF pellets can be stored for up to 3 years without
significant biological or chemical degradation [5,15,18,20,24,40-45], but the operational
experience of the authors and RWE Generation shows that these claims are supposed ra-
ther than supported; hence, they can be misleading and potentially dangerous (Figure 2).

To date, many studies have shown that the problems associated with RDF pellets
have been due to factors such as the poor quality of the product. This significant variabil-
ity can have a direct influence on biological and chemical stability [37-39,41-44,46-48].

Figure 2. Smoldering RDF (photo—] Januszewski).

Several further important factors should also be considered when deciding on suita-
bility of storage, but the key issues to consider in the self-heating process and overall fac-
tors relating to the basis of storage awareness should follow the stages presented in the
flowchart Figure 3.
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Figure 3. RDF storage awareness.

Based on the authors’ experience in industrial fire safety, investigation and standards
development, RDF should not be stored for extended periods of time If this proves neces-
sary, the preplanning of storage systems to ensure that they are emptied will help reduce
and prevent spontaneous ignition incidents. It seems that the current knowledge of fire in
RDF storage has insufficiently implemented insights from past incidents, allowing for
gaps in current expertise. Guidelines also appear to be ill-informed, as is clearly demon-
strated in the shortcomings of various manufacturers’ safety data sheets.

In the authors’ opinion, hazards relative to RDF storage are not accurately identified
in safety datasheets, and accompanying recommendations are misguided or misleading.
It has to be realized that the lack of sufficient warnings or suggested methodology in fire-
fighting to assist in dealing with fire incidents proficiently could have severe conse-
quences.

When originally presented as a fuel source for power plants, RDF was perceived as
a stable and safe solid fuel. This point of view somewhat changed when a number of spon-
taneous ignition incidents occurred in RDF storage that led to explosions [6].

Despite the span of time that has passed since these first early incidents, and the
amount of research completed to date on numerous fire and/or explosion incidents (in-
volving RDF) [26,27], typical Safety Data Sheets for RDF are still showing inaccurate, in-
sufficient and incomplete information, with inadequate safety warnings of the hazards
associated with: fire-fighting; handling and storage; stability and reactivity; and ecological
information. Figure 4 shows exemplary damages following an RDF fire and explosion.
Therefore, the advice given by manufacturers in the form of product safety data sheets
should be reviewed and updated as a matter of urgency.
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Figure 4. Damage following RDF Fire and Explosion (photo—]J Januszewski).

3.1. Pyrolytic Behavior of RDF

A conceivable process of spontaneous ignition at ambient temperature is called
chemical oxidation. It is thought that, when RDF is in contact with air, oxygen is absorbed.
Then, in the consequent resulting reactions, heat and microorganisms metamorphose into
a reactive peroxide, which is the process that is able to cause spontaneous ignition [8,35].

Bulk storage fires in silos, external piles or building storage can generally be defined
as one or more of the following;:

¢  Surface flaming;

e  Surface smoldering;

. Subsurface smoldering;

. Deep seated fire [16,22,37,39,41-44,47,49,50].

It is important to emphasize that the discovery of any one of these stages does not
necessarily mean that the fire is in its very initial stages. Once a bulk RDF storage fire is
established, it can transform between any of the above stages (but this is partly dependent
on the starting point and the actual source of ignition). If the fire has sufficient oxygen
(air) it may also have the energy to descend into the stockpile and become deep-seated.
During this period, the energy dissipates into the surrounding material and/or structure
until it becomes totally oxygen controlled, and to a certain degree festers, until exposed to
air and a fresh supply of oxygen [51,52].

Gao et al. [12] concluded that the pyrolysis process of RDFs from different manufac-
turers are all similar and that the main “organic elements” of the pyrolysis process happen
in a temperature range of 150 °C-550 °C. They deduced that the activation energy at igni-
tion temperature was 89.82 kJ/mol.

Critical ignition temperature was predicted by Frank—Kamenetskii theory (F—K the-
ory), and the relation between Tc and the height of the RDF pile was calculated, worry-
ingly revealing that 40 °C would be a sufficient temperature to ignite a 5 m-high pile of
RDF [1].
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Most academic papers on this subject utilize the F-K theory, but the only drawback
with most of the theoretical deductions on RDF was noticed by Blomqvist and Persson,
who postulated that that any increase in moisture or humidity limits the F-K theory, due
to no account being taken of moisture transport and the accompanying phenomena of
hydrolysis, evaporation and condensation. Their reasoning is that the role of water-inter-
vened reactions cannot be handled by the Frank-Kamenetskii method [18].

The serious limitation to engineering methods, regarding their application to the
storage of RDF fuel, is that no account is taken of the low-temperature processes that occur
before the oxidative effects commence. Hence, a more complete model should include the
preliminary creation of heat by microorganisms [21].

In theory, the bulk of RDF should be paper, card, wood, plastics and fabric textiles.
This diversity in structure means that there are differing levels of thermal degradation for
every component within the RDF; thus, during pyrolysis, the assessment of the pyrolytic
behaviors of the RDF mixed materials becomes more complex [45].

Cepeliogullar et al. states that Thermogravimetric Analysis (TGA) is generally
needed to examine the thermal behaviors of RDF materials [44], and they provide data on
mass loss characteristics to explain the materials’ properties and behaviors at high tem-
peratures. This detailed thermal depiction of pyrolytic behavior should be an important
consideration when evaluating the entire industrial process in any project.

A summary of the changing heating rates affecting the mixed materials’ pyrolytic
behaviors was given in The Journal of Analytical and Applied Pyrolysis. Along with TG (Ther-
mogravimetric) and DTG (Derivative thermogravimetry) curves, they summarize the im-
portant peak temperatures and amount of residue after pyrolysis. What seems obvious is
that the thermal decomposition of RDF can be broken down into four distinct stages [45].

These are:

. Moisture removal;

¢ Decomposition of cellulose and hemicellulose;
*  Decomposition of plastics;

®  Char-gas interactions at high temperatures.

Even though the composition of RDF varies from area to area, researchers tend to
agree that RDF decomposition is mainly related to the degradation of cellulosic and plastic
components, together in tandem with humidity/moisture [45].

3.2. RDF Self-Heating and Spontaneous Ignition

Following a number of suspected spontaneous ignition incidents (post 2000) at
Power Station RDF storage facilities, mainly in Japan, Yasuhara et al. [1], studied storage
conditions that could replicate and induce spontaneous ignition in RDF samples to help
try and understand this phenomenon.

Their observations showed that when the initial temperature of different RDF sam-
ples were constant, the samples with a higher moisture content had shorter induction
times. Another factor that influenced induction times was, unsurprisingly, the size of the
RDF sample, and, interestingly, they observed that there was no connection between bac-
terial fermentation and spontaneous ignition [6]. However, this may have been down to
the nature of the experiment, given two very important aspects: the first being that the
samples were kept in a nitrogen stream for 1 hour; and the second that the size of the
samples was initially 10 mm x 10 mm, by they were ground to less than 2 mm x 2 mm. A
true evaluation of the connection between bacterial fermentation and spontaneous igni-
tion would require replication of the storage conditions found at power stations, similar
to Persson’s experiment on silos with biomass pellets [22].

Babrauskas, in the Ignition Handbook, describes spontaneous combustion as observa-
ble smoldering or flaming caused by thermal runaway [38], which in turn is defined as
self-heating which rapidly accelerates to high temperatures. He also points out that there
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is no commonly recognized definition of spontaneous combustion, and suggests that his
is the most reasonable one [52].

In accordance with accepted fire engineering principles, the NFPA state that it can
generally be accepted that the higher the oxygen concentration, the less energy required
for ignition and the quicker the flame spread rate [44].

As temperature increases, the energy required for ignition reduces to a point when
the temperature is high enough to cause spontaneous ignition. This minimum tempera-
ture point is known as the spontaneous ignition temperature, auto-ignition point or self-
ignition temperature; simply put, it is the minimum temperature at which self-heating
properties of the material lead to ignition or ignition occurs by itself in the absence of any
additional ignition source [53].

On the other hand, the Yasuhara et al. research paper [11] unsurprisingly suggests
that how and when the spontaneous ignition of RDF occurs depends on many unknown
factors which could cause chemical oxidation reactions under certain storage conditions.
More importantly, though, they state that initial temperature, moisture content and the
size of the samples are the important factors which must be known to ensure the safe use
and storage of RDF.

Another observation is presented by Koseki et al. [24], who, as part of their assess-
ment of hazardous fuels generated from waste, found that the measurement result (heat
generation starting temperature and calorific value) showed that RDF samples generated
more heat after water is added, and, moreover, it is suspected that fermentation played a
role in the heat generation of the RDF and wooden pellets (bark). This is significant be-
cause it shows heat generation starting at much lower temperatures than is currently con-
sidered as hazardous within the generation industry. His results are presented in Table 1.

Table 1. Heat generation starting temperature and calorific value [24].

Heat Generation  Rising  Peak Tempera- Calorific Value

Sample Starting Temp Temp ture J/g)
(W) °O (°O
RDF 51.3 70.1 97.7 19.5
RDEF + Water (20%) 29.5 36.1 65.0 14.4

On the basis of the authors’ own experience and observations, it could be summa-
rized that waste fuel varies from other fuels, as mentioned previously, due to its diversity,
and therefore it is more difficult to theoretically define the processes of what happens
during the storage of waste fuels [26,27].

However, spontaneous combustion, being an exothermic process, is reliant on com-
bustible material and an increasing temperature along with sufficient oxygen to evolve. It
is also reasonable to deduct that traces of metals may intensify the rate of self-heating.
Plus, ignition and temperature development are reliant on other factors, such as:

*  Particle size;

*  Amount of organic material;

. Moisture content;

*  Size of the waste pile;

. Surface area of the waste fuel available to reaction;
¢ The pressure over the pile.

3.3. RDF Smoldering Storage Fires

The authors’ analysis of past incidents [2,11,14,17,23,24,54] confirms that a number
of those incidents have been attributed to the shortcomings in the management of the risks
involved with RDEF. Greater analysis of incidents also reveals that, usually, large volumes
of RDF fuel was present, which has generally led to a repeating pattern in incidents, that
in its simplest form can be summarized as shown in Figure 5.
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Figure 5. Steps from RDF heating to explosion.

It can further be sensibly assumed that the addition of moisture quickens the trigger
processes to fire, and once fire occurs, there is a real possibility of explosion if conditions
align.

Gao and Hirano [14], as far back as 2005, depicted a summary of the process of an
RDF gas explosion that occurred at a refuse-derived fuel (RDF) storage silo fire involving
two fatalities in Japan. Their described timeline is extremely insightful, not just in that it
reveals the difficult aspects of tackling an RDF storage fire, but because their research also
discussed the Mie explosion in Japan in 2003 and how the first gas explosion in this case
occurred on August 14, 2003, and although this explosion was weak, the sudden blow-out
of hot gas still managed to injure four workers. The second explosion occurred a full five
days later, on August 19, 2003, unfortunately killing two firefighters. The significant point
here is that, according to the investigation, the fire started on 27 July 2003 and despite best
efforts proved very difficult to extinguish. An important indicator in the research refers
to a recorded rise in temperature seven days previously (July 20, 2003), and it is at this
stage that they describe observed abnormal temperature rises occurred, jointly with steam
generation being observed [14]. In this instance, due to the abnormal temperature rise, it
is reasonable to suspect the very probable scenario that a sub-surface storage fire was al-
ready in progress and probably well developed.

This also shows that bulk storage arrangements are susceptible to spontaneous igni-
tion and fires originating internally, such as sub-surface smoldering fires which are noto-
riously problematic to detect, especially in the initial stages.

Particular concerns have arisen around the preconceived critical temperature of RDF
for spontaneous temperature rise in relation to the pile size. Gao and Hirano [14] declared,
theoretically, that as the size of the pile increases, the critical temperature decreases, fur-
ther adding that if the size of the pile is taller than 15 m, spontaneous temperature rise can
occur at temperatures of less than 20 °C.

The NFPA classifies pellets in bulk storage as typically stored in silos, bins, tanks, or
in large piles on the floor [30]. The Ignition Handbook further explains that fires in large
piles tend to burrow down, making them difficult to extinguish, and that this type of fire
requires prolonged soaking to reach the seat of the fire. But the truth is that it is far more
complicated, as outlined in Babrauskas’s discussion of smoldering fires [52], and while
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this may be fine when a storage pile in an open air, this simple approach should not be
considered a recognized method of extinguishment for silos or RDF pellets due to mois-
ture absorption and the dangers associated with adding water during protracted silo in-
cidents [22].

Furthermore, post-fire or explosion investigations should place an onus on the quan-
tity of burnt RDF found within the silo. Furthermore, temperatures should be noted dur-
ing excavation, as this can assist in diagnosing the rate of smoldering formed and provide
a basis to analyze the length of time the RDF had been smoldering before the fire or ex-
plosion event.

Sakka et al. reported in Bioscience, Biotechnology, and Biochemistry (2005) [10] that they
had observed that RDF pellets contain a high count of viable bacterial cells, and that these
bacteria generate heat and hydrogen gas during fermentation and particularly under wet
conditions. In the study, they analyzed bacterial cell numbers produced by RDF with var-
ious dilutions of calcium hydroxide (added to prevent rotting and to aid drying). This was
done to establish the quantities of hydrogen gas produced in wet conditions. Additionally,
they studied microflora of the RDF before and during fermentation and discovered that
the samples contained a variety of clostridia able to produce hydrogen gas. In summary,
they discovered significant quantities of spore-forming bacteria (such as Clostridium) that
survived during the hot air drying process and still went on to produce hydrogen gas
from the organic constituents in the RDF (when in wet conditions) and speculated that the
explosion at Mie RDF Power Station was caused by an increase of hydrogen gas produced
by anaerobic bacteria, due to the fire-fighting water poured into the silo in an attempt to
extinguish the fire. But there are a number of questions left unanswered by this theory,
such as: what quantity of water was added, and over what period of time? Furthermore,
is it possible that sufficient quantities of hydrogen could be produced in this type of pro-
cess over such lengthy fire-fighting operations?

3.4. RDF Explosions

Despite the continued claims RDF being a safe and stable fuel, jointly with the pre-
varicated claims of its good storage ability, explosions and subsequent fires have occurred
on a regular basis throughout the last 30 or so years [11,12,14,17,18,22,24]. The prominent
RDF fire and explosion incidents had serious consequences, and it seems that past lessons
were not studied sufficiently, nor taken into account in more recent RDF projects.

Having reviewed a number of papers, the similarity of pyrolysis behavior is evident
at low temperatures between RDF and wood pellets (cellulosic material being present in
both), but with apparent distinctions at higher temperatures [1,24,40,55], where analysis
shows that the burnt samples heated to temperatures of 350 °C and beyond generate vol-
atile gases from the fuel along with a softening and clustering of the RDF pellets.

The RDF production processes involving MSW (especially composition variability),
clearly impacts more profoundly on the characteristics and behavior of RDF pellets than
with wood pellets.

The degree of sterilization of RDF during the production process is usually unknown
or unquantified; manufacturer data sheets normally state that the pellets are biologically
inactive. However, pyrolysis within the silo suggests that this may not be the case as self-
ignition of RDF in silos is evidently possible [1].

Moreover, ignition of explosions may be caused by the abrupt release of trapped low-
weight volatiles, creating the right gas stoichiometry for an explosion. Another possibility
is when temperatures within the pile reach beyond auto-ignition temperatures, generat-
ing smoldering long enough to create explosive or volatile gases from the produced efflu-
ent.

Collecting the experience and research knowledge on RDF production and storage
hazards, presented above in Section 3, the self-heating and thermal runaway and fire and
explosion development processes consequences and key-factors can be summarized as
shown in Table 2 [16,39,44,47].
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Table 2. Key stages in the fire and explosion development processes.

Phenomenon Process Consequence Key Factors
Presence of micro-organisms
Bio-chemical self- Formation: C'omposmon
. . CHas and CO: Moisture content
Self-heating heating
o Temperature Storage volume
T<70°C . .
increase Temperature — ambient
Time - age
Low temperature Formation: Storage volume
Thermal runa- oxi dziion CHy4, CO and CO2 Temperature — ambient
way T> 50 °C Te.mperature Time — age
increase
F tion: CH level
Smoldering ormation: CHs, CO Oxygen leve
. . and CO2 Storage volume
Fire pyrolysis Temperature Temperature
T >250 °C P P
increase
Pressure wave Level of effluent gases
d Igniti
Explosion Explosion Secon lary gnition source
explosions Oxygen

Secondary fires

4. RDF Fire Hazards Mitigation

Experience has shown that power station conversions to a new fuel using the same
materials handling methods and equipment, designed for the previous or original in-
tended fuel, without a proper fire engineering re-evaluation of plant suitability (for the
properties and behaviors of the new fuel) is not a safe option. Many times, the detection
and suppression equipment is presumed adequate, whereas a complete technical evalua-
tion is required.

Given that RDF fires are extremely difficult to extinguish it should be remembered
that fires could last for days or even weeks [56]. Additionally, given the correct circum-
stances, the effluent from RDF smoldering fires within a pile can lead to explosion(s), pos-
sibly causing severe injuries and even the loss of life. In addition, there are also business
considerations due to the subsequent severe interruptions, not forgetting the importance
of the security of electricity supply.

The difficulties of RDF fire hazards mitigation begin with the notoriously problem-
atic factor of discovery of a fire within the storage pile; they then, more often than not,
continue throughout the entire fire-fighting operations process.

4.1. Fire Detection

From the authors’ own experience, it can be stated that deep-seated silo fires are par-
ticularly challenging to detect, especially during the incipient and medium stages (hours
and days) of the fire, and certainly before any physical (visual or olfactory) signs appear
[27]. Deep-seated fires can smolder for some time, and measuring (certain) gas concentra-
tions (such as CO and CO2) in combination with temperature monitoring is currently the
most common method of detection used to establish the presence of fire within indoor
fuel storage (silo or building) [28].

Through experience, this method shows that ignition deep within the pile puts limi-
tations on the claimed effectiveness of any multi-gas detection commonly used in silo
head spaces [27].

By its nature, the detection is commonly aimed at the introduction of an ignition
source through the fuel route (which is more likely during filling operations); therefore,
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any burning is expected to be nearer the surface. Hence, these volatiles can build up un-
noticed in conjunction with the present accelerating self-heating process in the surround-
ing area until becoming totally oxygen-controlled [27,28]. Further complications to detec-
tion exist in the form of hardened plastics (bonding and clustering RDF pellets), that can
form caps within the pile, due to prolonged repeated cycles of heating (from smoldering)
and cooling (during the oxygen-controlled phase) The caps formed within the RDF pile
block the volatiles from rising with sufficient quantity and buoyancy to activate the de-
tectors in the top of the silo head space.

Generally, indoor or enclosed self-heating fires are deep-seated and not detectable
until the fire is reasonably well-developed and the headspace or basement of the storage
structure starts showing the incipient stages of fire or starts filling with combustible
and/or incomplete combustible gases. Of course, in external storage piles, where the gases
can simply disperse, this is less of a problem [22].

Therefore, a method to achieve earlier detection would be an important component
of any recommendations proposed for the improvement of fire safety protection. It is only
by studying the trends within fire, along with the effluent measurements and tempera-
tures, that we might be able to gain an earlier indication of possible abnormal conditions
within RDF fuel pile bulk storage.

Such an advantage would allow operators to deal with abnormal conditions sooner,
resulting in a more timely (and consequently, probably more effective) intervention.

4.2. Fire-Fighting and Fire Suppression

Suzuki et al. [7] conducted a study on the extinction of an RDF pile and observed
traits of fire growth and extinction to try and create a foundation for fire control. They
found that RDF pellets clustered when heated, due to the plastics contained in the pellets
melting and working as a bonding agent.

When applying water to the fire, the bonded/clustered pellets were cooled and
formed a coating which prevented water from penetrating the pile; the pellets underneath
(within the pile) remained hot with continued oxidation, and when exposed to air again,
flaring, heat and smoke re-emanated from the pile [7].

Therefore, fire-fighting an RDF pellet fire is unlike most fires and generally water jets
should not be used. Experience shows that a water spray is only suitable for indoor RDF
surface fires to prevent flaring, and only for short periods of time, due to the possibility
of the swelling or unravelling of pellets and the hazard of extra structural stress to the
weight loading, due to the retention of water within the pellets or unraveled material that
could possibly impact structural integrity.

There is also another reason for limiting water. In an experiment by Persson [21],
involving a silo and biomass pellets, he warns about adding water due to concerns that in
certain circumstances this could contribute to the formation of explosive combustible gas.
This water—gas reaction, C + H2O — Hz + CO, occurs when fire-fighting water comes into
contact with temperatures above 700 °C, resulting in the production of hydrogen [20].

Hogland and Marques [18] carried out a study on storage to instigate spontaneous
combustion within an RDF storage pile. This was to assess the feasibility of the long-term
storage of waste fuel. The RDF part of the experiment disclosed that spontaneous com-
bustion was observed after approximately 6 months. Their observations were important,
as they indicated that no flaming ensued unless an effort was made to excavate the fire,
as excavation would reenergize the flaming to burst forward. They also deducted, not
unreasonably, that this would denote that the pyrolysis within the pile was oxygen-lim-
ited, further reinforced by the specific stench of gases associated with incomplete oxida-
tion and partial combustion of hydrocarbon mixtures. Fire service attempts to extinguish
the fire with water onto the pile were unsuccessful and the wetting produced polluted
fire-water run-off. After 3 days the fire accelerated, and the original pile was broken down
and spread out. This turned out to be the most effective and efficient way of extinguishing
the fire, with the fire then burning out within 5 days.
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In summary, it is clear that having a ready, easy way of emptying the storage facility
would be advantageous and even crucial. This would assist in decreasing the risks during
fire-fighting operations, and would also help to reduce potentially hazardous and costly
protracted incidents. It should be stressed that during emptying operations (as the empty
head space volume increases), this must be controlled and nullified from the buildup of
explosive gases. It is suggested that this could be done with hi-expansion foam and/or
nitrogen gas.

In power generation facilities, this can be applied to fires in bunkers or silos. The hi-
expansion foam should be applied from the top into the headspace to prevent buildup of
fire effluent gases, whilst nitrogen gas should be applied through the bottom. Both hi-
expansion foam and nitrogen systems are best served via a preinstalled fitted system, but
in older facilities these measures can still be deployed and applied with the use of mobile
foam generators or, in the case of nitrogen, by lance [20].

It should be remembered that silo fire-fighting is a difficult and specialized skill, and
the basis of any silo fire safety strategy should always be to prevent the introduction of an
ignition source, whilst at the same time being aware that hot spots can develop in any part
of the material. Moreover, whilst conventional convection within a storage pile has a ten-
dency of ascending and descending, if an air source (providing oxygen) to the fire comes
from another direction (top, below or side, i.e., from basement galleries), this will cause
smoldering to move from the ignition towards the air source, and if this is in a downward
direction, this can potentially create capped cavities or effluent gas-filled voids within the
stored RDF pile. Fascinatingly, forensic investigations into silo fires have evidenced long
fingers of carbonized material stretching and being drawn towards gaps and available air
sources [50].

5. Conclusions

For RDF to have a continued role in a volatile and difficult energy market, it must be
perceived to be a truly sustainable, easy, cheap and reliable energy source. If financial
losses due to business interruption occur frequently, then confidence in this sector will
dissolve. Further, whilst safety is paramount to prevent injury and/or death, reputational
damage must also be considered at the same time, as a secure energy supply will maintain
market confidence.

Findings show that temperature, moisture content, time, composition and storage
type (preferably dry), along with volume, are important key factors in the self-heating
process of RDF. These must be evaluated and known to ensure the continued safe use and
storage of RDF pellets.

RDF manufactured from MSW shows significant risk (due to a low self-heating (75
°C 5 °C) start up temperature) of self-ignition. Chemical oxidation is a significant factor
for the generation of internal heat reaching a state of self-ignition due to the components
of RDF being very susceptible to chemical oxidation.

It appears from the reviewed studies that self-oxygenating is a factor in RDF pellets.
On several occasions, visible pointers in the studies have referenced the ability of pellets
to sustain self-smoldering fires, and where clustering/capping has occurred this indicates
that self-oxygenation is the only probability of the fire sustaining itself. High moisture
content also has a big influence on self-heating and self-ignition, as RDF pellets react with
water/moisture/humidity. Moisture content at or over 20% causes a change in the mate-
rial, beginning chemical oxidation and self-heating with ignition values in the region of
75-85 °C. Due to this, temperatures in stored piles above 70 °C should be avoided, since
this seems to be the critical point indicator of self-heating or possibly self-ignition occur-
ring (subject to moisture content).

Fire-fighting jets should be avoided as they can cause the collapse of gaseous caverns
and dislodge gases into the free space. If internal smoldering fire temperatures reach
above 700 °C, a reaction with water can occur in a water—gas reaction: C+ H2O— Hz + CO.
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The best and most efficient method of extinguishing a pellet fire is to be able to spread it
outdoors and simply hose it down with a spray, or allow the fire to burn itself out.

When considering the probable —or indeed likely —type of fire scenario, then it must
be questioned if the detection methods will provide adequate detection capability early
enough to detect a fire.

Acknowledging the chosen detection principle and detector type, and therefore its
capability, and recognizing that this will influence the time to activation of the warning
system is the first step in identifying any possible shortcomings of system design.

The onset of significant volatile release can be expected between 150-550 °C [11], and
this should be the basis for ensuring that the method of detection selected is the most
appropriate for the hazard. Expected fire behavior in the area should be monitored. This
will ensure that fire detection is provided at the earliest possible, if not the incipient, stage
of fire growth.

Fire safety design and systems evaluation should assess if a fire can be detected, con-
trolled or suppressed and/or extinguished promptly without unacceptable damage to
plant, and that:

o it is unable to spread internally beyond the initially ignited fuel;
i it will not spread externally to other buildings or process plant (on or off site);
o it will not cause unacceptable damage to the environment.

In summary, the uniform standards that have been required for some time in the safe
handling and storage of RDF pellets in commercial and industrial applications (from man-
ufacturing through to end use), have finally been published in 2021. These newly pub-
lished international standards provide the principles and requirements for the safe han-
dling and storage of RDF pellets in commercial and industrial applications, and while
these have been required for some time, existing RDF facilities should be revalidated to
ensure safety measures are adequate.

6. Future Research

There are definite gaps in RDF knowledge along with some conflicting findings
which are often open to misinterpretation.

The buoyancy and behavioral properties of the effluent (hot and cooled state) or flam-
mable gases produced requires detailed evaluation in small and large scale experiments.
These need to look beyond the dust-type explosions and focus on the explosive phenom-
enon of RDF smoldering gases. The properties of the flammable gas, formed during the
smoldering phase, is important because it could be used to prevent similar future inci-
dents, but could also establish when sufficient energy is present in a deep-seated fire to
clear the RDF fuel pile. This would assist in assessing an effective detection capability in
storage head space and below storage/silo basements.
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