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Abstract: In Japan, where soy sauce production and the fishery industries thrive, soy sauce squeezing
residue (SSSR) and fishmeal, which are operational byproducts of these sectors, are produced as
waste materials for recycling. SSSR and fishmeal have resulted in accidents due to spontaneous
ignition and oxygen deprivation, which are believed to have been caused by the heat generated
through fermentation or oxidation; consequently, it is desirable to develop measures that prevent
such accidents during storage and transportation. In this study, we assessed the hazards associated
with the spontaneous ignition and oxygen deprivation of SSSR and fishmeal in storage areas using
thermal and gas analysers, focusing on the heat produced by fermentation and oxidation. We also
used Frank-Kamenetskii theory to determine the relationship between pile height and the ambient
temperatures at which spontaneous ignition and oxygen deprivation occur. Our results suggest
that oxygen deficiency may occur in a well-sealed storage facility in which oxygen is consumed by
fermentation. For example, the oxygen concentration can drop below critical safety thresholds in
the case of SSSR, even when stored below 25 ◦C, particularly when the moisture content is high.
However, when a sufficient amount of oxygen is present and the material is stored in large deposits
in a well-insulated facility, fermentation causes the temperature to increase, leading to the oxidation
of fatty acid esters and eventually fire; when SSSR or fishmeal is maintained at temperatures near
40 ◦C, their temperatures can increase to 250 ◦C within approximately 30 h. Furthermore, the results
of this study also demonstrate the need to consider pile height in storage areas in order to prevent
accidents due to spontaneous ignition and oxygen deprivation; the critical ambient temperature at
which heat accumulates is estimated to be between 20–30 ◦C, at a bulk density of 0.3 × 103 kg/m3,
and a pile height of 3 m.

Keywords: accidents during storage; fermentation; oxidation; thermal and gas analysers;
Frank-Kamenetskii theory

1. Introduction

The ‘3Rs’ principle (reduce, reuse, and recycle) of waste management is the basis for a sustainable
society in Japan, and techniques for implementing the 3Rs are constantly improving. Waste that is
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typically difficult to recycle can be effectively utilised as heat energy, in the form of electricity or steam,
through incineration. However, even with advances in recycling research, recycled materials can still
pose safety hazards during production, distribution, and storage if they are not fully assessed for
potential dangers [1–4].

In Japan, recent years have been marked by widespread efforts to recycle and effectively use
waste generated by the industry [5–7]. Soy sauce production and the fishery industries thrive in Japan,
and soy sauce squeezing residue (SSSR) and fishmeal, which are the operational byproducts of these
sectors, are produced as waste and recycling materials. For example, SSSR can be incinerated and
reused in the form of thermal energy. Moreover, fishmeal is used as fertiliser as well as in pet food.
However, SSSR and fishmeal can spontaneously ignite during storage and transportation. In addition,
SSSR causes oxygen deficiency in storage areas due to fermentation, reportedly resulting in the deaths
of workers [8]. Therefore, it is desirable to develop measures that prevent accidents resulting from
spontaneous ignition and oxygen deprivation during the storage and transportation of SSSR and
fishmeal. In this study, we conducted field surveys of storage locations that have been oxygen deficient
and where fires have occurred.

To investigate the causes of these phenomena, we collected samples from these storage
locations and applied various heat-analysis and gas-analysis methods with the objective of obtaining
fundamental data that would inform future fire-prevention and oxygen-deficiency-prevention
strategies. Based on the experimental results obtained, we used Frank-Kamenetskii theory [9] to
determine the relationship between pile height and the ambient temperature at which spontaneous
ignition and oxygen deprivation occur.

Moreover, the aim of this research was to develop an understanding of the circumstances leading
to spontaneous-ignition and oxygen-deficiency accidents in storage facilities, and to recommend the
safety measures that prevent such occurrences.

2. Experimental

For a variety of reasons, thermal analysis was used to investigate the causes of the accidents
described above. With just a small sample of a material (1 g or less), its properties can be studied
in order to prevent the occurrence of fire, large quantities of poisonous gas, and smoke. The data
obtained through thermal analysis also aids in targeted risk assessment, placing the principal focus on
materials that are likely to generate heat when piled.

The relative sensitivities of the thermal-analysis equipment used in this study, the details of which
are provided below, are summarised in Table 1. The relative sensitivities of equipment are given in µW
in the table; lower relative sensitivities correspond to a higher detection performance. The relative
sensitivity was calculated by energy calibration. The bomb-type calorimeter and gas chromatograph
used in this study are excluded, since their sensitivities cannot be expressed in a manner that is
consistent with the other equipment.

Table 1. Working modes and test conditions of the calorimeters employed in this study.

Calorimeter * Absolute Sensitivity (µW) Volume of
Vessel (mL)

Measureable Temperature
Range (◦C) Working Mode

TG-DTA 10–30 0.05 ~1000 Heating
C80 2 8 ~300 Heating

TAM 0.2 4 ~150 Isothermal
SIT 5–10 2 ~300 Adiabatic

Wire-mesh cube Thermocouple dependent 1000 ~1000 Isothermal

* Details of the equipment used are provided in Sections 2.2–2.6.
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2.1. Samples

Large amounts of SSSR are produced when moromi (unrefined soy sauce) is compressed to
extract the raw soy sauce. SSSR is plate-shaped when produced, but is later finely ground for storage
and processing (Figure 1). Fishmeal refers to the crushed powder obtained by boiling residual
fish substances during the removal of water and oil from the residue, with subsequent pressing,
and eventually drying of the remaining solid with hot air or steam (Figure 2).

For some experiments, distilled water was added to the sample (equal to 20% of the sample mass)
in order to examine the effects of additional moisture on fermentation and the thermal properties of
the sample. In addition, samples were subjected to a 17-h sterilisation treatment using ethylene oxide
gas (EOG) to ascertain the effects of fermentation. EOG is widely used to sterilise medical devices and
precision machinery, and kill microorganisms [10]. Moreover, to ascertain the influence of fat and oil,
samples was defatted by Soxhlet extraction over a period of 6 h using diethyl ether as solvent.
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2.2. Thermogravimetric Differential Thermal Analysis

Thermogravimetric differential thermal analysis (TG-DTA) (Rigaku Thermoplus TG 8120, Rigaku,
Tokyo, Japan) was used to study the overall thermal properties of the samples. Each sample (~20 mg)
was placed in an open aluminium container (0.05 mL), after which it was heated from room temperature
to 600 ◦C at a rate of 2 ◦C /min, under a 150 mL/min stream of air.

2.3. Calvet Calorimetry

A Calvet calorimeter (Setaram C80, France) was used for additional thermal experiments. The C80
calorimeter is a highly sensitive twin-type heat-flux calorimeter. It can reduce the effects of the
vaporisation of water contained in the sample by using a high-pressure closed vessel (8 mL), and can
take measurements from room temperature up to 100 ◦C, which is a temperature range that cannot
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easily be examined by TG-DTA. Samples (~1.5 g) in sealed vessels were heated from room temperature
to 300 ◦C at a rate of 0.1 ◦C/min.

2.4. High-Sensitivity Isothermal Calorimetry

We used a highly sensitive isothermal calorimeter (Thermometric TAM-III, Sweden) to examine
in detail the low levels of heat generated through the fermentation and oxidation of fatty acid
esters. The TAM calorimeter measures the amount of heat generated by microbial fermentation
on the nanoscale. Samples (1.0 g) were placed in sealed containers (4 mL), which were isothermally
maintained at 50 ◦C for 3 d.

2.5. Spontaneous Ignition Testing (under Adiabatic Conditions)

To consider the transition from self-heating to spontaneous ignition, a more advanced detector
is required. We used a spontaneous ignition tester (SIT) (Shimadzu SIT-2, Kyoto, Japan) to test for
materials that are susceptible to spontaneous ignition under adiabatic conditions [11], in which heat
loss to the surroundings is minimised, and the heat liberated from exothermic reactions is used in
the self-heating process. Figure 3 shows a schematic diagram of the device. After setting the oven
temperature of the tester, each sample (~1.5 g) was placed in the oven under a 5 mL/min flow of
nitrogen to prevent the sample from reacting. Air, at a rate of 2 mL/min, was then introduced, and the
temperature was recorded. If no temperature increase was observed after 120 h at the set temperature,
the test was considered to be complete.
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2.6. Wire-Mesh Cube Testing (Isothermal Conditions)

In order to understand the circumstances surrounding spontaneous ignition, wire-mesh cube
testing (Figure 4) was performed in accordance with the United Nations Recommendations on the
Transport of Dangerous Goods. This test was designed to determine the risk of fire when a solid
material retains heat in air at a given temperature [12]. To study combustion behaviour and hazards
following the onset of thermal decomposition, a 400-g sample, which is equivalent to approximately
800 times the weight used during spontaneous-ignition testing, was placed in a cubic sample vessel
(wire basket) with side lengths of 10 cm, after which it was placed in a constant-temperature bath.
The temperature of the central section of the vessel was measured to determine whether or not the
temperature increased by over 60 ◦C within 24 h, compared to the pre-set temperature. Testing was
terminated if no temperature increase, from the pre-set ambient temperature, was observed over a
24-h period.
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2.7. Bomb-Type Calorimeter

In order to understand the combustion severity and risk of fire in a sample, the heat of combustion
was measured using a bomb-type calorimeter (IKA C2000, Germany). The sample (~500 mg) was
completely burned inside the bomb cylinder, which was filled with hyperbaric oxygen. The heat
generated was completely absorbed by the water in the tank surrounding the cylinder, from which the
heat of combustion was measured. A schematic diagram of the C2000 calorimeter is shown in Figure 5.
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2.8. Gas Chromatography

To study gas emissions during storage, the sample material (~50 g) was placed in an airtight 1-L
glass bottle and placed in a thermostatically controlled oven. The gas produced was collected and
examined using a gas chromatograph (Shimadzu, GC-14B, Japan) fitted with a thermal conductivity
detector (TCD, 200 ◦C, 50 mA sensitivity, 20 mL/min Ar carrier gas); a standard gas (CO: 0.0500%, C2H6:
0.995%, H2: 0.097%, CO2: 0.996%, CH4: 0.987%) was used for calibration purposes. SHINCARBON-ST
(Shinwa Chemical Industries, 2.0 m× 3.0 mm φ, Kyoto, Japan) was used for the column. The column
temperature was increased from 40 ◦C (6 min hold) to 80 ◦C (12 min hold) and then to 150 ◦C (10 min
hold) at a rate of 40 ◦C/min. An air cylinder (O2: 21%, N2: 79%) was used as the standard gas for the
determination of O2 and N2; a TCD (200 ◦C, 30 mA sensitivity, 20 mL/min Ar carrier gas) and a 30 ◦C
isothermal column temperature were used.
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3. Results and Discussion

3.1. Thermogravimetric Differential Thermal Analysis

Figures 6 and 7 display TG-DTA traces for SSSR and fishmeal, respectively, recorded at a scan rate
of 2 ◦C/min. The decomposition temperatures correspond to the points at which the DTA traces shift
by 0.1 µV (0.01 ◦C) in the heat-generation direction from the constant baseline.

The downward direction in the DTA trace indicates an endothermic reaction, while the upward
direction corresponds to an exothermic reaction. The thermal decompositions of SSSR and fishmeal
are divided into three phases. Due to dehydration, a total weight decrease of 26% was observed from
room temperature to 100 ◦C for SSSR, after which organic components decomposed and combusted
over the 180 ◦C to 380 ◦C range [13,14]. By the end of this phase, a total weight loss of about 70% was
observed. The final stage is consistent with the decomposition and combustion of carbide, to leave a
residue that weighed only 10% of the original sample weight.

Meanwhile, fishmeal displayed a 7.8% dehydration loss from room temperature to 100 ◦C. Overall,
fishmeal lost mass at a lower rate than SSSR, resulting in a smaller heat generation peak, but in a
higher amount of final residue. Shifts that generated heat were observed at 172.9 ◦C and 187.3 ◦C for
SSSR and fishmeal, respectively. These are, theoretically, the points at which combustion begins [15].
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3.2. Calvet Calorimetry

The C80 calorimeter is more sensitive than the TG-DTA system; consequently, a lower scan rate
was used. As a result, detailed thermal-behaviour information, including the existence of low levels of
heat generated at temperatures ≤100 ◦C, which are difficult data to obtain by TG-DTA, can be obtained
with the C80 calorimeter.

Figures 8 and 9 show C80 calorimetry results at a scan rate of 0.1 ◦C/min; the heat-generation onset
temperatures are summarised in Tables 2 and 3 for SSSR and fishmeal, respectively. The exothermic
onset temperature was taken as the temperature at which the rate of generated heat increased to
0.005 mW.
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The heat-generation onsets of unprocessed SSSR and fishmeal were below 30 ◦C. These results
show that a fire can be caused through spontaneous ignition when conditions are conducive to
heat accumulation, even when the materials are stored at temperatures near room temperature.
Furthermore, the likelihood of reaching self-heat-generation temperatures is high when the rate of
heat generated by fermentation and oxidation exceeds the rate of heat released externally.

No heat was generated between room temperature and 50 ◦C for the EOG-treated and sterilised
SSSR, and for the SSSR defatted by diethyl ether. We attribute the result obtained for the defatted
sample to the diminishment of fermentation microorganisms during the defatting process.



Recycling 2018, 3, 26 8 of 21

With regards to the EOG-treated and sterilised fishmeal, the heat-generation onset temperature
was only slightly higher than that of the untreated fishmeal, and the defatted fishmeal exhibited a
heat-generation onset temperature that was higher than those of untreated and EOG-treated fishmeal.
By comparing the results from the SSSR and fishmeal at the start of the heat-generation period, we
conclude that the heat generated by SSSR is largely the result of microbial fermentation, while the heat
generated by fishmeal, although influenced by fermentation, is affected more by the oxidation of fat.

We attribute the heat generated in the 50–100 ◦C range to the oxidation of residual fat that could
not be defatted under the present conditions, and to the oxidation of other components [16]. The heat
generated through the oxidation of fatty acid esters was observed over the 80–100 ◦C temperature
range for all of the samples. Above 100 ◦C, the observed generation of heat is assumed to be caused by
decomposition [13,14].

Table 2. Heat-generation onset temperatures and total heat generated for SSSR (soy sauce squeezing
residue) (room temperature to 100 ◦C).

Sample Heat-Generation Onset Temperature (◦C)

SSSR 27.8
EOG-treated SSSR 53.8

Defatted SSSR 55.1

Table 3. Heat-generation onset temperatures and total heat generated for fishmeal (room temperature
to 100 ◦C).

Sample Heat-Generation Onset Temperature (◦C)

Fishmeal 41.2
EOG-treated fishmeal 42.3

Defatted fishmeal 51.3

3.3. High-Sensitivity Isothermal Calorimetry

The results from the TAM-calorimetry experiments are shown in Figures 10 and 11 for SSSR
and fishmeal, respectively, while Table 4 (SSSR) and Table 5 (fishmeal) summarise the amounts of
heat generation over 0–24 h and 24–72 h time periods, and the combination of the two (i.e., 0–72 h).
The TAM-calorimeter holding temperature was set to 50 ◦C, because microbial activity occurs at
approximately this temperature and gradually decreases with increasing temperature [17]. In addition
to experiments performed in a limited-air atmosphere, the same experiments were performed in a
sealed sample vessel under nitrogen.

The amount of heat generated by microbial fermentation, which is the primary cause of the heat
generated, can be increased further through the addition of water to the sample and allowing it to
settle for a prolonged period, which increases microbial activity. Accordingly, the experiment was
performed by adding approximately 20% water to a 10-g sample and maintaining 1 g of this sample at
25 ± 5 ◦C for 10 d.

We observed a decrease in the heat generated by the SSSR sample following EOG treatment,
but no such change was observed for the fishmeal. No significant heat was generated when the SSSR
or the fishmeal were placed in sealed sample vessels under nitrogen.

Hence, we found that oxygen contributes to heat generation in SSSR and fishmeal at temperatures
of around 50 ◦C. We observed that heat was generated in both SSSR and fishmeal in air immediately
after the commencement of the experiment, after which it gradually declined. Although the maximum
value of the heat generated by SSSR was higher, the difference between the amount of heat generated
by SSSR and fishmeal was not significant. When the experiments commenced following the addition
of water to the sample and 10 d of settling, a sharp exothermic peak (2000 µW) was observed for SSSR,
but not for fishmeal, immediately.
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However, this phenomenon was immediately followed by a converging trend ascribed to
microbial proliferation resulting from the addition of water to the sample. Hence, the oxygen in
the sealed sample vessel was consumed during the early stages of the experiment. Examination of
the results of the experiments conducted under nitrogen, and those following EOG treatment, led to
the following conclusions: fermentation has a greater effect in SSSR, whereas oxidation has a greater
effect in fishmeal, with respect to the heat generated near 50 ◦C. This observation is consistent with the
C80-calorimetry results.

Recycling 2018, 3, x  9 of 21 

sealed sample vessel was consumed during the early stages of the experiment. Examination of the 

results of the experiments conducted under nitrogen, and those following EOG treatment, led to the 

following conclusions: fermentation has a greater effect in SSSR, whereas oxidation has a greater 

effect in fishmeal, with respect to the heat generated near 50 °C. This observation is consistent with 

the C80-calorimetry results. 

 

Figure 10. TAM-calorimetry results for SSSR. 

 

Figure 11.TAM-calorimetry results for fishmeal. 

Table 4. Heat generated in SSSR at 50 °C. EOG: ethylene oxide gas. 

Sample 
Heat Generated 

(J/g) 0–24 h 

Heat Generated 

(J/g) 24–72 h 

Heat Generated 

(J/g) 0–72 h 

SSSR (Air) 11.1 4.2 15.3 

SSSR + 20% water left at room 

temperature for 10 d (Air) 
14.4 2.5 16.9 

EOG SSSR (Air) 2.6 1.3 3.9 

SSSR (N2) 0.7 1.2 1.9 

Table 5. Heat generated in fishmeal at 50 °C. 

Sample 
Heat Generated 

(J/g) 0–24 h 

Heat Generated 

(J/g) 24–72 h 

HeatGenerated  

(J/g) 0–72 h 

Fishmeal (Air) 8.2 7 15.2 

Fishmeal + 20% water left at room 

temperature for 10 d (Air) 
11.6 5.3 16.9 

EOG fishmeal (Air) 10.6 4.9 15.5 

Fishmeal (N2) 0.9 1 1.9 

Figure 10. TAM-calorimetry results for SSSR.

Recycling 2018, 3, x  9 of 21 

sealed sample vessel was consumed during the early stages of the experiment. Examination of the 

results of the experiments conducted under nitrogen, and those following EOG treatment, led to the 

following conclusions: fermentation has a greater effect in SSSR, whereas oxidation has a greater 

effect in fishmeal, with respect to the heat generated near 50 °C. This observation is consistent with 

the C80-calorimetry results. 

 

Figure 10. TAM-calorimetry results for SSSR. 

 

Figure 11.TAM-calorimetry results for fishmeal. 

Table 4. Heat generated in SSSR at 50 °C. EOG: ethylene oxide gas. 

Sample 
Heat Generated 

(J/g) 0–24 h 

Heat Generated 

(J/g) 24–72 h 

Heat Generated 

(J/g) 0–72 h 

SSSR (Air) 11.1 4.2 15.3 

SSSR + 20% water left at room 

temperature for 10 d (Air) 
14.4 2.5 16.9 

EOG SSSR (Air) 2.6 1.3 3.9 

SSSR (N2) 0.7 1.2 1.9 

Table 5. Heat generated in fishmeal at 50 °C. 

Sample 
Heat Generated 

(J/g) 0–24 h 

Heat Generated 

(J/g) 24–72 h 

HeatGenerated  

(J/g) 0–72 h 

Fishmeal (Air) 8.2 7 15.2 

Fishmeal + 20% water left at room 

temperature for 10 d (Air) 
11.6 5.3 16.9 

EOG fishmeal (Air) 10.6 4.9 15.5 

Fishmeal (N2) 0.9 1 1.9 

Figure 11. TAM-calorimetry results for fishmeal.

Table 4. Heat generated in SSSR at 50 ◦C. EOG: ethylene oxide gas.

Sample Heat Generated (J/g)
0–24 h

Heat Generated (J/g)
24–72 h

Heat Generated (J/g)
0–72 h

SSSR (Air) 11.1 4.2 15.3
SSSR + 20% water left at room

temperature for 10 d (Air) 14.4 2.5 16.9

EOG SSSR (Air) 2.6 1.3 3.9
SSSR (N2) 0.7 1.2 1.9
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Table 5. Heat generated in fishmeal at 50 ◦C.

Sample Heat Generated (J/g)
0–24 h

Heat Generated (J/g)
24–72 h

HeatGenerated (J/g)
0–72 h

Fishmeal (Air) 8.2 7 15.2
Fishmeal + 20% water left at

room temperature for 10 d (Air) 11.6 5.3 16.9

EOG fishmeal (Air) 10.6 4.9 15.5
Fishmeal (N2) 0.9 1 1.9

3.4. Spontaneous-Ignition Testing (Under Adiabatic Conditions)

The C80 and TAM-calorimetry results strongly suggest that SSSR and fishmeal generate heat
through fermentation and oxidation at approximately 50 ◦C. To examine whether or not the
accumulation of generated heat results in an increase in temperature that eventually causes fire,
we used a SIT that is capable of reproducing the adiabatic conditions of high-volume storage [11].
Figures 12 and 13 display SIT curves for SSSR and fishmeal, respectively, at various environmental
temperatures between room temperature and 100 ◦C, while Figures 14 and 15 show the analogous
curves for initial temperatures between 100–200 ◦C. A flat SIT curve is observed when no heat is
generated from the sample, but a rise in sample temperature is observed as the sample begins to
generate heat.
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These results reveal that the spontaneous ignition of SSSR or fishmeal depends on the ambient
temperature. Under the conditions used in the present study, heat is not generated in the SSSR at
ambient temperatures of 27 ◦C and below. The minimum temperature at which spontaneous ignition
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was triggered lies between 27–29 ◦C. Between 29–64 ◦C, the induction time prior to a decrease in the
SSSR temperature decreases as the ambient temperature increases. Conversely, between 65–80 ◦C,
the induction time increases as the ambient temperature increases. Furthermore, between 85–130 ◦C,
the SSSR temperature never rises above the maintained temperature. We believe that the temperature
cannot rise within the timeframe of this study due to heat absorption through the evaporation or
boiling of water. Moreover, as the ambient temperature is further increased, thermal cracking occurs,
and an increase in the SSSR temperature is observed between 135–200 ◦C.

A comparison of the SSSR and fishmeal results reveals that SSSR requires a shorter time for its
temperature to rise following heat generation, even when similar ambient temperatures are maintained.
In addition, when either SSSR or fishmeal is maintained at an ambient temperature near 40 ◦C,
its temperature increases to 250 ◦C within approximately 30 h. Consequently, control of the temperature
of industrial waste, such as SSSR and fishmeal, is necessary when large quantities are stored in closed
warehouses during summer.
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3.5. Wire-Mesh-Cube Testing

Taking into account the results obtained from the TG-DTA and SIT experiments, we conducted
wire-basket testing as prescribed by the United Nations Recommendations for the Transport
of Dangerous Goods, in order to study the processes occurring between the onset of thermal
decomposition and combustion in greater detail [12].

Samples weighing 400 g, which is equivalent to approximately 800 times the weight used during
SIT testing, were used in these experiments, the results of which are displayed in Figures 16 and 17 for
SSSR and fishmeal, respectively; these traces represent the transitions from thermal decomposition
following evaporation to combustion. Since the results reflect the oxidation of organic matter at high
temperatures, the heat generated from fermentation at low temperatures is neglected.
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Thermal decomposition began at temperatures above 140 ◦C in both SSSR and fishmeal,
which ultimately resulted in combustion. These values were almost identical to those obtained
during SIT testing, as shown in Figures 14 and 15 (SSSR: 135 ◦C; fishmeal: 150 ◦C).

Possible reasons for the differences between these values and the thermal-decomposition
onset temperatures obtained from TG-DTA (SSSR: 172.9 ◦C; fishmeal: 187.3 ◦C) include equipment
sensitivity, measurement conditions (adiabatic versus non-adiabatic), and differences in sample volume.
Moreover, these results, along with the C80-calorimetry results (above 100 ◦C), indicate that thermal
decomposition at these temperatures is likely to be responsible for the initial generation of heat.

There is a risk of combustion when the temperature approaches 140 ◦C. We observed that the
heat generated in fishmeal had an earlier onset compared with that in SSSR at 140 ◦C. However,
the temperature increased rapidly once heat began to be generated in SSSR, ultimately resulting in
combustion. Therefore, SSSR carries a greater risk of thermal decomposition leading to combustion
than fishmeal.
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3.6. Bomb-Type Calorimetry

In order to study the intensity of combustion when fire occurs following the onset of thermal
decomposition, we measured heats of combustion using a bomb-type calorimeter.

The heat-of-combustion results obtained using the C2000 calorimeter are listed in Tables 6 and 7
for SSSR and fishmeal, respectively. Five experiments were conducted on each of the untreated and dry
samples, and average values were obtained. As combustion occurs following evaporation, samples that
had been left in a thermostat bath at 25 ◦C for 10 d, with moisture contents of 5% or less, were tested.
The moisture contents of the dry samples were determined by the air-oven method. The average heat
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of combustion of the untreated SSSR was determined to be 16,714 kJ/kg, while that of the untreated
fishmeal was 18,899 kJ/kg. Moreover, the average residual heat of combustion of the dry SSSR was
20,049 kJ/kg, while that of the dry fishmeal was 21,930 kJ/kg. The amount of heat produced by SSSR
and fishmeal are higher by 20% and 16%, respectively, as a result of drying. The heat of combustion
values of RDF (refuse-derived fuel), sewage-sludge fuel, and wood pellets are 16,800–21,800 kJ/kg,
14,880–23,400 kJ/kg, and 19,700 kJ/kg, respectively; the heats of combustion of SSSR and fishmeal
are similar to those of these biomass fuels [18]. Since most of the moisture evaporates during the
combustion process following the onset of heat-induced decomposition, the heats obtained after drying
are considered to be reasonable reference values.

Moreover, these results, along with those obtained through wire-mesh-cube testing, reveal that
the temperature of the SSSR sample rapidly increases following the onset of thermal decomposition,
resulting in an increase in the heat of combustion. Therefore, fire is likely to spread more rapidly in
SSSR than in fishmeal.

Table 6. Heats of combustion of SSSR.

Run Number
Heat of Combustion (kJ/kg)

SSSR Dry SSSR

1 16,690 20,065
2 16,752 20,074
3 16,719 20,003
4 16,728 20,098
5 16,683 20,007

Average 16,714 20,049

Table 7. Heats of combustion of fishmeal.

Run Number
Heat of Combustion (kJ/kg)

Fishmeal Dry Fishmeal

1 18,660 21,975
2 18,886 21,885
3 19,052 21,996
4 18,893 21,927
5 19,003 21,865

Average 18,899 21,930

3.7. Gas Chromatography

The thermal-analysis results presented above reveal that fermentation occurs between room
temperature and 50 ◦C. We next considered the effect of temperature on oxygen deficiency. Samples
were stored in 1-L glass bottles for 10 d, at temperatures ranging from 5 ◦C to 50 ◦C. The effect of
fermentation on the gas produced was then investigated by gas chromatography, the results of which
are listed in Tables 8 and 9 for SSSR and fishmeal, respectively. The oxygen and carbon dioxide
concentrations in relation to the holding temperature are summarized in Figures 18–21.

Under the conditions used in this study, carbon dioxide accounts for the majority of gas produced
during SSSR and fishmeal storage. Aside from carbon dioxide, small amounts of flammable gases,
such as carbon monoxide and hydrogen, were also detected from fishmeal. Furthermore, more carbon
dioxide was produced when moisture was added to both materials. The amount of carbon dioxide
produced increased as the temperature increased in the 5–30 ◦C range; however, at temperatures above
30 ◦C, carbon dioxide production was observed to gradually decrease with increasing temperature.

A significant reduction in the amount of generated CO2 was observed in the EOG-treated sample,
and no H2, CO, or CH4 was observed. In the case of SSSR, we found that the concentration of oxygen
can drop to below critical levels that adversely affect human health, even when stored below 25 ◦C,
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especially in samples with high moisture contents. For fishmeal stored below 25 ◦C, the concentration
of oxygen did not decrease to critical levels; however, some sudden drops were observed in fishmeal
stored above 25 ◦C.

When considered alongside the thermal analysis results, fermentation is clearly expected to
influence temperature during storage. Therefore, sufficient attention must be paid to humidity and
ventilation when storing substances that produce significant amounts of carbon dioxide and decrease
oxygen levels, even when stored at low temperatures.

Moreover, based on the thermal and gas analysis results, accidents resulting from oxygen
deficiency may occur when a storage facility is well sealed and the amount of oxygen that is circulated
is minimal, which results in the consumption of the available oxygen by fermentation, leading to a
deficiency of oxygen in the storage facility.

However, fermentation can result in an increase in temperature, leading to the oxidation of
fatty acid esters that may subsequently result in a fire when sufficient oxygen is present, and when
stored in large deposits in well-insulated facilities. This also applies to storage at temperatures near
room temperature.

Table 8. GC data for SSSR stored at various temperatures (5–50 ◦C).

Sample Storage Temperature
GC Analysis Results (%)

O2 N2 H2 CO CH4 CO2

SSSR

5 ◦C

18.6 77.4 - - - 1.3

EOG SSSR 19.6 77.6 - - - <0.1

SSSR
+distilled water20% 12.3 77.8 - - - 5.8

SSSR

15 ◦C

16.2 78.8 - - - 2.4

EOG SSSR 19.3 77.4 - - - <0.1

SSSR
+distilled water20% 5.3 79.3 - - - 15.3

SSSR

25 ◦C

1.7 79.4 - - - 16.1

EOG SSSR 18.9 76.7 - - - 0.1

SSSR
+distilled water20% 1.7 79.1 - - - 18.2

SSSR

30 ◦C

1.7 81.2 - - - 16.6

EOG SSSR 18.9 77.8 - - - 0.1

SSSR
+distilled water20% 1.5 79.6 - - - 18.2

SSSR

40 ◦C

2.1 79.2 - - - 15.3

EOG SSSR 18.4 77.8 - - - 0.2

SSSR
+distilled water20% 0.9 80.3 - - - 16.4

SSSR

50 ◦C

12.8 80.2 - - - 5.6

EOG SSSR 18.6 78.0 - - - 0.1

SSSR
+distilled water20% 10.2 78.9 - - - 7.5
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Table 9. GC data for fishmeal stored at various temperatures (5–50 ◦C).

Sample Storage Temperature
GC Analysis Results (%)

O2 N2 H2 CO CH4 CO2

Fishmeal

5 ◦C

20.4 76.7 - - - <0.1

EOG Fishmeal 20.6 75.2 - - - <0.1

Fishmeal
+distilled water20% 19.6 77.1 - - - 0.13

Fishmeal

15 ◦C

20.3 76.8 - - - <0.1

EOG Fishmeal 20.4 77.8 - - - <0.1

Fishmeal
+distilled water20% 18.7 77.5 - - - 0.6

Fishmeal

25 ◦C

20.1 77.4 <0.1 <0.1 - 0.5

EOG Fishmeal 19.5 77.7 - - - 0.2

Fishmeal
+distilled water20% 4.0 83.3 <0.1 <0.1 - 11.6

Fishmeal

30 ◦C

14.3 81.3 <0.1 <0.1 - 0.9

EOG Fishmeal 19.8 76.5 - - - 0.2

Fishmeal
+distilled water20% 3.5 82.1 <0.1 <0.1 - 12.3

Fishmeal

40 ◦C

16.1 79.7 <0.1 <0.1 - 0.6

EOG Fishmeal 20.1 76.8 - - - 0.1

Fishmeal
+distilled water20% 5.7 80.5 <0.1 0.1 - 10.6

Fishmeal

50 ◦C

17.2 79.2 <0.1 0.1 - 0.5

EOG Fishmeal 19.2 76.5 - - - 0.2

Fishmeal
+distilled water20% 6.9 80.2 <0.1 0.2 - 8.5
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4. Estimating the Hazards Associated with Spontaneous Ignition and Oxygen Deprivation by
Theoretical Means

Methods for estimating the hazards of materials stored in high volumes include calculating their
activation energies using a theoretical equation, and determining the relationship between pile height
and ambient temperature using Semenov [19] or Frank-Kamenetskii theory [9]. These methods have
been used to determine the safety of coal storage areas, among other purposes [20].
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In this study, these numerical methods were used to study the hazards of spontaneous ignition
and oxygen deprivation associated with SSSR and fishmeal.

4.1. Activation Energy

The data obtained from the SIT experiments were used to calculate activation energies. During
the induction period, the temperature increases extremely slowly and in a linear manner over a long
time. Since the temperature increases only slightly, and assuming that the heat-generation reaction can
be approximated by a zero-order adiabatic process [21], the following equation (Equation (1)) can be
established under adiabatic conditions at environmental temperature, T [3].

ln ∆t =
E

R·T + ln
[

∆T·c·ρ
∆H·A

]
(1)

Here, ∆t (s) is the time required for the temperature of the sample to increase from T (K) to T +
∆T (K); ∆T was obtained from the intersection of the maximum angle of incline and the extension of
the holding temperature in each SIT curve; R (J·mol−1·K−1) is the gas constant, and c (J·kg−1·K−1),
ρ (kg·m−3), and ∆H (J·mol−1) are the specific heat, density, and heat of reaction of the sample,
respectively. E (J·mol−1) and A (mol·m−3·s−1) are the apparent activation energy and the frequency
factor of the rate constant of the specified heat-generation reaction [22].

According to Equation (1), ln ∆t is linearly related to 1/T (see Figure 22); hence, the slope of this
linear relationship, a, and the intercept, b, can be expressed by Equations (2) and (3), respectively.

a =
E
R

(2)

b = ln
[

∆T·c·ρ
∆H·A

]
(3)
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Figure 22. Relationships between ln ∆t and 1/T for SSSR and fishmeal.

Through application of Equation (2), we determined the activation energies for temperatures
between room temperature (~25 ◦C) and approximately 50 ◦C, which is the temperature range in
which, based on thermal and gas analyses, the small amount of heat generated by fermentation and
oxidation is estimated to have a potentially high impact on temperature. The results revealed that the
activation energy for SSSR was 53.7 kJ/mol, whereas that for fishmeal was 28.7 kJ/mol. Within the
temperature range of these calculations, fishmeal exhibited a lower activation energy, indicating that
fishmeal requires less energy to stimulate the reaction.
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4.2. Relationship between Temperature and Pile Height

SSSR and fishmeal are generally packed in bags that are piled several layers high in
cubic formations in warehouses. Knowing that temperature distributions exists in storage,
Frank-Kamenetskii theory [9] was used to calculate the relationship between pile height and the
temperature at which spontaneous ignition and oxygen deprivation occur.

Regarding the thermal-ignition limit, the Frank-Kamenetskii parameter δc, which is related
to the critical ignition temperature of a self-heating ignition process, can be obtained by the
following expression:

δc =
∆H·E·r2·A

λ·R·T2
c

exp
[
− E

R·Tc

]
(4)

Equation (4) leads to Equation (5):

ln Tc +
(E/R)

2Tc
= ln r +

1
2

ln
[
(∆H·A)(E/R)

δc·λ

]
(5)

and Equation (6) can be derived by substituting Equations (2) and (3) into Equation (5) and eliminating
(E/R) and ln (∆H A):

ln Tc +
a

2Tc
= ln r +

1
2

[
ln
(

a·∆T·c·ρ
δc·λ

)
− b

]
(6)

In Equation (6), Tc is the critical ambient temperature at which the onset of a reaction is observed,
while δc is the previously defined Frank-Kamenetskii parameter (δc = 2.52 for a cube), and the values
of a (SSSR: 6.4587, fishmeal: 3.4558) and b (SSSR: 9.3012, fishmeal: 0.4202) were obtained from the
activation-energy relationships shown in Figure 22. In addition, ∆T was assumed to be 1 K [23,24],
and the parameters listed in Table 10 were used in Equation (6).

Table 10. SSSR and fishmeal parameters.

Parameter Units
Value

SSSR Fishmeal

Frank-Kamenetskii parameter, δc Non-dimensional 2.52
Rise in heat, ∆T K 1

Specific heat capacity, c J·kg−1·k−1 2.44 × 103 2.63 × 103

Bulk density, ρ kg·m−3 0.2–0.4

Heat thermal conductivity, λ J·s−1· m−1·K−1 0.2 0.4

Frank-Kamenetskii theory [9] was used to calculate the critical holding temperature at which the
onset of a reaction is observed as a function of pile height; these results are displayed in Figures 23
and 24. We also examined the effect of changes in pile density on the calculated results.

The results reveal that the temperature at which a reaction (heat accumulation and temperature
increase) is triggered decreases proportionately with increasing pile height. A comparison of the SSSR
and fishmeal data reveal that there is a larger temperature decrease in proportion to increasing pile
height in the case of fishmeal compared with SSSR.

Changes in pile density were found to have a greater impact on the relationship between
temperature and pile height for fishmeal than SSSR, as shown in Figures 23 and 24. In many instances,
SSSR and fishmeal are piled to heights of approximately 3 m or greater in storage areas.

Based on the results of the calculations performed in this study, the critical ambient temperature
at which a reaction (heat accumulation and temperature increase) occurs is estimated to be between
20–30 ◦C, at a bulk density of 0.3 × 103 kg/m3, and a pile height of 3 m. However, these values are
merely estimations, and various factors (e.g., excessive piling, adiabatic conditions, and the volume of
outside-air inflow) are likely to affect these values.
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The calculated results in this study reveal that sufficient attention should be paid to pile height in
order to prevent accidents due to spontaneous ignition and oxygen deprivation in storage areas.
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5. Conclusions

Based on the experimental results, the following conclusions are made:

(1) TG-DTA results reveal that the thermal decomposition of both SSSR and fishmeal occur in three
separate phases, but overall, SSSR exhibits a more active heat generation reaction. Moreover,
the temperature at which self-heat generation began is about 173 ◦C in SSSR and 187 ◦C
in fishmeal. Fermentation and oxidation led to an increase in temperature, and once the
temperature reached the above-mentioned value, self-heat generation began, leading to fire
due to spontaneous ignition.

(2) The results of the C80 and TAM-calorimetry experiments reveal that fermentation is likely to
be involved in generating heat in SSSR; this generation occurs from the commencement of the
experiment to a temperature close to 50 ◦C. As for fishmeal, its fatty acid esters are believed to
have a greater impact on the heat generated.

(3) The results of the SIT-calorimetry experiments reveal that less time is required for the temperature
to rise in the SSSR sample compared with fishmeal following heat generation, even when
maintained at the same ambient temperature. When SSSR or fishmeal is maintained at ambient
temperatures near 40 ◦C, a temperature increase of up to 250 ◦C takes place within approximately
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30 h. These results indicate that caution should be taken in order to avoid spontaneous ignition,
particularly during the summer.

(4) The wire-mesh-cube-testing and bomb-type calorimetry results reveal that the SSSR temperature
rose more sharply following commencement of thermal decomposition, while the observed
maximum temperature was also higher than that of fishmeal. Moreover, the heats of combustion
of both SSSR and fishmeal were similar to those of existing recycled fuels.

(5) The GC results reveals that the oxygen concentration can drop below critical safety thresholds in
the case of SSSR, even when stored below 25 ◦C, particularly when the moisture content is high.
Although fishmeal stored below 25 ◦C does not exhibit any decrease in oxygen concentration,
some sudden drops were observed when stored above 25 ◦C.

(6) Accidents resulting from oxygen deficiency may occur when a storage facility is well sealed and
the amount of circulated oxygen is minimal, allowing the oxygen to be consumed by fermentation,
and leading to a deficiency of oxygen in the storage facility. However, when sufficient oxygen
is present and the material is stored in large deposits in a well-insulated facility, fermentation
is likely to cause the temperature to increase, leading to the oxidation of fatty acid esters and a
subsequent fire. This also applies to storage temperatures near room temperature.

(7) Numerical calculations demonstrate that pile height should be considered in order to prevent
spontaneous ignition and oxygen deprivation in storage facilities. As a safety measure, workers
should be required to carry small gas detectors and, in the case of high storage volumes, the gas
concentrations should be recorded when materials are shipped into and out of the storage area.
In addition, to prevent accidents due to oxygen deprivation while protecting the health of the
workers, the oxygen concentration in the storage area should be monitored with an oximeter that
can be read from outside the storage area. Furthermore, the storage area should be ventilated,
and its safety verified before entering.
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