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bstract

To investigate the cause of an explosion during disposal processing of raw garbage, the property of the raw garbage was primarily examined by a
hermo gravimetry-differential thermal analyzer. With mutable oil concentration, the results showed variable onset temperatures of the exothermal
eaction for the samples, for example, decreasing from 150 ◦C in the samples typically containing 10.9–14.1% oil to 114 ◦C when the oil content
as raised to 40%.
The disposal process was then simulated in a laboratory-scale facility being heated by hot air of 150 ◦C, which was blown into the bottom through

ozzles. In the case of the dried garbage containing 14.1% oil, white smoke emitted after several hours, accompanying with an abrupt rise of the
emperatures in particular at the bottom of the facility. The maximum temperature reached to 1070 ◦C. Meanwhile, gases, including flammable

nes, whose amounts were CO2 ≈ CO > H2 > methane > ethane in order, were yielded. It indicated that smoldering developed from the zones near
he hot air supply nozzle and propagated along the pathway of the imposed air. The continuously released gases possibly induced the transition of
moldering to flame or explosion after accumulating for hours.

2007 Elsevier B.V. All rights reserved.

n; Sm

u
t
i
p
p
t
2
s
s
a
r

i
o
p
t

eywords: Raw garbage; Disposal processing; Heat accumulation; Fermentatio

. Introduction

To implement the Food Recycling Law, industrial scale raw
arbage is usually disposed at large shopping malls for volume
eduction and recycling. However, an explosion in succession
o smoke emission in a facility (8 m long, 2.7 m wide and 2.1 m
igh, volume 19.8 m3) in the Kanagawa prefecture of Japan in
ovember 2003 revealed potential risk involved in such a pro-

ess. In this accident, 11 people, including fire fighters, were
njured. The facility, located in a room (15.8 m long, 8.6 m wide
nd 5.6 m high) at the ground floor of a five-layer shopping
all, served as a fermentation tank with a disposal capacity of

000 kg/day. In the process, sawdust and slake lime were matted
t the bottom of the facility to adjust the pH value for promot-
ng microbial activities. Through an automatic feeding tank, the
aw garbage was loaded into the facility and then simultane-

usly dried, mixed, fermented and degraded over several hours.
o warm up the tank for facilitating fermentation, hot air, which
as sent from an air ration blower to a heater, where it was heated
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p to 150 ◦C, was ventilated to the back of the bottom of the tank
hrough several air nozzles from five pairs of inspirators at equal
ntervals. Stirring by six screw augers, the temperature was sup-
osed to be maintained at 60–70 ◦C throughout the tank. The
rocessed garbage was then moved to a drying tank and finally
reated as the source of fertilizer or derived fuel. In general, about
100 L processed waste was taken away once a week from the
ystem. Regarding to abnormalities in the accidental case, occa-
ional stop working of the stirrers before the accident occurred
nd a slight higher greasy level of 14.1% in the garbage, were
eported [1].

The components of raw garbage vary from day to day. A typ-
cal composition by food sorts is given in Table 1 [2]. These
rganic combustible wastes have usually been separated from
lastics and metals. Table 2 is an analytical result by sampling
he garbage from a variety of locations in the facility after the
ccident. It shows that the main ingredients of the garbage are
arbonaceous organic substances (about 50%) and oil (the con-
ent at the bottom of the facility was not detected since most of

il might have been exhausted in the accident). Though the aver-
ge content of oil in the raw garbage is actually about 10% of the
ried matters, it seems that it may reach to a higher value in some
ocations because of its non-uniform distribution in the waste,

mailto:li@fri.go.jp
dx.doi.org/10.1016/j.jhazmat.2007.09.109
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Table 1
Typical components in a raw garbage

Material Vegetable Fish paste Meat Fruit Bread/rice Bean Fish Deep fried
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ass (%) 32 24 18

he percentages refer to wet matters. Moisture concentration is 30–35%.

.g., the non-combusted oil at some of the upper part reached to
0%. The moisture content in Table 2 was not available to be ana-
yzed after water extinguishment. The actual moisture content
s reported as about 30%.

To evaluate the risk from such a process, Miyake et al. per-
ormed the thermal analysis on the garbage, which was sampled
rom the accidental site, in a high pressure thermo gravime-
ry/differential thermal analysis (TG-DTA) and a Setaram heat
ux calorimeter. They found that the onset temperature of the
eat generation of the garbage varied considerably within the
acility. Moreover, self heating behavior at 125 ◦C and ignition
t 135 ◦C were observed by using an adiabatic spontaneous igni-
ion tester (SIT) [2]. Flammable gases, which were generated by
urning the garbage, possibly led to explosion besides fire. To
etter understand the hazard involved in the process, the present
tudy firstly examined the thermal properties of raw garbage
nd the influence of the oil content in a TG-DTA test. Then
simulated processing facility was set up in the laboratory to

bserve the phenomenon and the mechanism relating how explo-
ion was possibly developed from the raw garbage processing.
emperature distribution, flow along the air supply, gas genera-

ion, weight loss, and thermal image were monitored during the
hole processing.

. Experimental

.1. Examination of thermal characteristics of raw garbage
nd effect of oil content

The thermal characteristics of raw garbage was measured in a
hermo gravimetry/differential thermal analysis system. It mon-

tors the weight loss as well as the heat change of a material
s a function of temperature or time during thermal process-
ng. In the measurement, the sample of about 17 mg was held
n an open aluminum pan. The program temperature rose at a

able 2
he components of the raw garbage in its facility after the accident

ocation Moisture (%) pH EC (ms
/cm)

Oil (dry
matter %)

Carbon (dry
matter %)

N
m

pper 12.1 5.36 12.6 21.8 55.0 2
13.7 5.14 13.8 24.0 53.6 2
26.0 5.96 17.2 1.4 47.2 2
29.9 4.85 11.6 ND 50.1 2

ottom 29.5 5.80 14.8 ND 51.2 3
45.5 6.37 12.2 14.9 57.9 2
21.3 5.84 14.5 ND 51.1 2
45.7 5.42 15.7 ND 52.3 2

urface 58.4 4.24 10.0 12.0 51.3 3

C: thermal conductivity, ND: not detected.
7 2 1 0.2

eating rate of 2 K/min from the room temperature to 500 ◦C.
he measurements were carried out under an air flowing of
50 mL/min.

Fresh garbage was used for measurements. The basic sample
ontained 10.9% oil (it refers to the concentration in dry matter,
he below is the same). Based on the fact that the greasy level
as 14.1% in the accidental case and that oil might further reach

o higher values at some locations in the facility when the stirrer
ailed to work, the samples with a series of oil contents, such
s 14.1%, 20.0%, 30.5% and 40.0%, were measured for com-
arison by extra addition of edible vegetable oil. Pure oil was
easured as reference.

.2. Disposal processing

To examine the plausible hazard involved in the garbage dis-
osal process, a simulated fermentation tank of 0.51 m long and
ide, 1 m high, was assembled, which was at a cross section

rea ratio by 1:50 of the real one. As shown in Fig. 1, the
quipment was consisted of three stainless steel walls and one
yrex wall for observing. In the experiments, 187 L (about 80 cm
igh) waste was loaded above the bedded 21 L sawdust (about
cm high). Hot air, which was heated up to 150 ◦C, was blown

nto the corners at the bottom of the equipment at a velocity
f 320 L/min through four air nozzles. When the process was
tarted, the following measurements were performed:

1) Twenty-six thermocouples (TC) were set to obtain the tem-
perature profile within the tank and at its surrounding during
the test. Fig. 2 illustrates the scheming construction of the
temperature measuring system. Four (N1–N4) of them were

placed at the outlets of each nozzle and twenty at four dif-
ferent heights (B, the bottom; M, the middle; U, the upper
of the garbage and S, the space above the garbage, respec-
tively) within the tank. At each level, one TC stayed at the

itrogen (dry
atter %)

Na (dry
matter %)

K (dry
matter %)

Ca (dry
matter %)

Mg (dry
matter %)

.21 0.54 0.92 3.21 0.18

.66 0.47 0.81 3.37 0.17

.13 1.18 2.09 4.56 0.32

.73 0.83 1.40 4.65 0.26

.15 0.92 1.50 7.10 0.36

.80 1.34 1.91 17.65 1.22

.78 0.88 1.23 3.31 1.21

.94 1.13 1.58 7.76 0.34

.86 0.38 0.72 2.86 0.13
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Fig. 1. Schematic illustration of the equipment.

center axis while the other four TCs evenly at four rims.
Other two TCs were at the outlet of the venting exit and the
outside of the facility wall (W).

2) Flowmeters were installed at the inlet of the nozzles and the
outlet of venting to measure the airflow change into and out
of the system.
3) Gases released from the processing facility were collected
from the venting duct by a Kitakawa vacuum pump. Gas
analysis was carried out in a gas chromatograph (GC) and

Fig. 2. Schematic construction of temperature measuring system.
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Fig. 3. TG (a)–DTA (b) results of the waste and mixtures with oil.

gas detector tubes based on the target gaseous specimens and
their detectable ranges. For instance, CO, methane, ethane
and CO2 were detected by an FID, whereas hydrogen was
detected by an TCD in the GC. As for the FID, a reaction
tube of methanizer (MTN-1) was installed between the col-
umn outlet and the detector to provide reduction of CO and
CO2 to CH4 for detection by the FID. Other materials, like
acetone, acetic acid, hydrogen, and H2S were inspected by
gas detector tubes.

4) Weight loss was monitored by setting the facility on a large
electric balance during the process.

5) A thermal infrared image camera, AVIO TVS 200, was used
to record the whole thermal image in the facility through the
front observing window, based on the radiation intensity
from the facility.

The tests were conducted for three times: the first for the
irgin sample with 10.9% oil and the other two tests for naturally
ried samples which contained 14.1% oil.

. Results and discussion
.1. Thermal properties in TG-DTA

Curves of weight loss and differential thermal property versus
emperature of the raw garbage, and in particular, the proper-
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Table 3
Test in the fermentation process tank of the raw garbage in a facility at a horizontal project area ratio by 1:50 of the accidental one

Test no. Drying treatment Oil concentration (%) Time to white smoke emission Detected gases

In the GC In the tube
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about 130 ◦C, the middle part to 60–70 ◦C, while the upper part
still remaining at 30–40 ◦C. Under such condition, temperature
elevation at the bottom was ready to attain a value necessarily to
start the exothermic reaction for the waste. Accompanied with
No 10.90 No smoke
Natural drying 14.08 4 h and 50 min
Natural drying 14.08 11 h

ies of the garbage with different oil contents in the TG-DTA
re plotted in Fig. 3(a) and (b). Weight loss by about 15% was
bserved from the start of the measurement up to about 100 ◦C
ue to moisture evaporation. DTA curves also presented an
ndothermic peak. After water was driven out, a stagnant stage
ppeared up to 150 ◦C for the basic 10.9% oil contained garbage.
hereafter significant weight loss took place and meanwhile an
xothermic peak of DTA initiated and gradually went into a
ajor reaction. It results from two types of reactions, oxidation

nd pyrolysis of the organic components. Both are related to
he carbonaceous organic substances (such as protein, cellulose,
nd hydrocarbons) and oil. The onset temperature of the reac-
ions decreased with increasing the oil content. It was 152.1 ◦C
or the sample containing 14.1% oil, which is 3.4 ◦C lower than
hat of the sample with 10.9% oil. It decreased to 114.6 ◦C at
he oil concentration of 40.1% and 96.4 ◦C for the pure oil,
espectively. This implies that the oxidation of non-saturated
ats, such as linolic acid and olein in the range of 60–80 ◦C [3],
s mainly responsible for declining the onset reaction tempera-
ure of the wastes. This explains that the onset temperature of
he garbage within the facility varied noticeably with the posi-
ion since the concentration of oil was readily mutable in the
arbage particularly without stirring, as measured by Miyake et
l. [2].

.2. Tests of disposal process

The experimental conditions and results for the disposal pro-
essing of raw garbage are summarized in Table 3. In the first
est, smoke release was not observed even after one month from
he virgin non-dried sample. However, some species of gases,
ike acetaldehyde and acetic acid, which were more likely to be
iberated from fermentation actions of the organic components,
ere detected by gas detecting tubes. These reactions were not
etected by the TG-DTA tests and hardly lead to hazard. The
eight of the virgin sample decreased by 35% after the mea-

urement due to water evaporation. By contrast, in the second
nd the third tests, oil was raised up to 14.1% for the samples
aturally being dried prior to the measurements. The decrease
f the weight was only 0.7% in these samples after the measure-
ents. White smoke came out in these two measuremnts after
h 50 min and 11 h, respectively. Meanwhile, several species of
ases were formed.

The temperature change during the disposal at various posi-

ions in the facility and its surroundings are illustrated in Fig. 4
or the second measurement. Diverse temperature distribution
an be observed along the vertical direction. Without stirring,
ot air could soly effectively heat the regions of the bottom up to F
None Acetaldehyde, acetic acid
H2, CO, Methane, CO2, Ethane Acetaldehyde, acetic acid
H2, CO, Methane, CO2, Ethane Acetaldehyde, acetic acid, acetone
ig. 4. History of the temperature distribution of the waste in the second run.
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Fig. 5. Gas generation from the waste in the third run.

moke emission at 320 min (5 h and 20 min), the temperatures
ear the air supply nozzle area soared over and reached to an
aximum of 1070 ◦C. Temperatures rose to 100 ◦C at the mid-

le level and minor inceases at upper levels. After the tests, the
arbage charred and cremated more severely at the bottom than
ther locations. This had also been observed around the stirring
nd the bottom of the facility after the accident.

Fig. 5 shows the generation of H2, CO, methane, CO2,
thane with the time detected by both the GC and gas detec-
or tubes in the third measurement. The concentrations were
O2 ≈ CO > H2 > methane > ethane in order, and each built up
arkedly at the time of smoke outbreak but thereafter remained

lmost constant. Other detectable gases were acetaldehyde,
cetic acid and H2S.

Normally biotransformation is utilized for conversion of a
ide variety of organic waste materials to useful end products

4–8]. The optimum thermophilic temperature for either aerobic
r anaerobic activities was found to be at 50–60 ◦C [9]. Since
ermentation is a weak exothermic process, it does not lead to
elf heating unless under some extreme conditions [9,10]. In
he accident, several factors such as the local overheating due

o failure of stirring and the higher local concentration of oil

ight lead to the occurrence of smoldering when the tempera-
ure reached to a value required for initiating a relatively active
eaction of the garbage.

f
b
c
o

Fig. 6. Thermal image inside the e
Fig. 7. Flow rate in the nozzle and at the venting exit.

The appearances of the large amount of CO and smoke were
he proof that smoldering had happened in the process. It is a
low, low temperature, and flameless form of incomplete com-
ustion, sustained by the heat evolved from the reactions of
he sample [10–13]. The temperature of heat source was con-
rmed as 150 ◦C or lower by the TG-DTA, depending on the oil
oncentration in the waste.

Fig. 6 shows the similar temperature profile by the thermal
mage when the smoldering happens. Because of radiation loss,
he temperature measured by the thermal imaging was much
ower than the actual temperatures detected by the thermo-
ouples, in which the maximum temperature near these areas
ttained to 300 ◦C. But it illustrates more clearly that the smol-
ering initially started from the locations near the nozzles and
ad an upward propagation along the pathway of the imposed
ir.

Gas generation of H2, CO, methane, CO2, and ethane from
he sample was confirmed. Furthermore, measurement by the
owmeter, which is usually used for measuring air flowing,
howed that the flow at venting exit increased significantly
hen the smoke emission started, as in Fig. 7. Comparably,
or the combustion of cellulose, the heat flux would increase
y 10% at the outlet when the temperature increases. In the
ase of the garbage, the fluxes at the outlet in both the sec-
nd and third tests increased much more significantly, by three

quipment (in the third run).
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Table 4
Gas explosion range

Gas Explosion
range (%) [14]

Maximum gas production
during the measurement (%)

H2 4.0–75.0 6.2
CO 12.5–74.0 11.2
M
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ethane 5.0–15.0 2.9
thane 3.0–12.4 0.8

imes. This suggested the generation of hydrogen from the sys-
em. The response of the flowmeter was greatly affected by
he thermal conductivity of the gases. The thermal conductivity
f hydrogen is 0.18 W/m/K, which is 7.5 times of that of air
0.024 W/m/K). This made the flux much larger than the actual
irflow value when the hydrogen flowed out. The reproducibility
f smoldering tests, such as the time corresponding to smolder-
ng occurrence and the temperature distribution, is commonly
oor [10], partly because the process is inordinately sensitive to
ir flow.

White smokes were observed after 5 h in the second mea-
urement and 11 h in the third test, respectively. After then it
ecame thicker, and the flame could be seen in the smoke 15 h
fter the start of the test. When a small LP burner, which was
sed as a pilot igniter, was held up near the venting gases, the
ame was enlarged and developed to blaze. This implies that
ertain amounts of flammable gases were gathered during the
rocessing. The limitations for explosion [14] and maximum
alues produced during the measurement of the gases are shown
n Table 4. The concentration of H2 and CO almost reached to the
ange of explosion. The concentration of methane was also high.
herefore, under such circumstance there was a likelihood of the
onversion of smoldering to blaze or explosion if the flammable
ases were accumulated.

. Conclusions

The TG-DTA results showed that raw garbage firstly under-
ent weight loss below 100 ◦C due to evaporation of moisture,
hich hindered to some extent the happening of the active

xothermic reaction thereafter. The onset temperature of visi-
le reactions was about 150 ◦C, as the results of the oxidation
nd the pyrolysis of the organic components. With the increase

f the oil concentration, the onset temperature of the exothermic
eaction tended to decrease.

The risk involving in the disposal process was demonstrated
n a laboratory-scale facility, being heated by hot air of 150 ◦C at

[

[
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ts bottom. The local overheating made the local temperature of
he garbage approach to a value required for initiating a relatively
ctive reaction of the garbage once the moisture was driven out.
n the runs with 14.1% oil contained dry waste, white smoke
mitted and temperature rose rapidly near the air supply nozzle
fter several hours. It suggests that smoldering was developed in
he facility. In addition to its characteristics of weak combustion
nd being self sustained by successive supply of hot air, smol-
ering emitted large quantities of flammable gases, like carbon
onoxide and hydrogen, which could later be ignited in the gas-

hase, trigger the transition to flaming combustion or reach to
he limit of explosion.
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