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Thermal Runaway of Dried Sewage Sludge
Granules in Storage Tanks

Martine S. Poffet?, Kurt Kaser?, and Titus A. Jenny*@

Abstract: Elimination of the sewage sludge from urban wastewater occurs exclusively by incineration in Switzer-
land, because recycling as fertilizer in agriculture has been banned since October 2006. Two options exist for
elimination, either thermal elimination of a thickened sludge in a household waste incineration plant, or drying of
the thickened sludge to yield a granular material fit for storage and transport. The high organic content of this ma-
terial makes it a valuable alternative fuel for the cement industry. This elimination route is hampered, however, by
the tendency of this material to self-heating and occasional thermal runaway resulting in fire. This research project
deals with the investigation of the characteristics of these dried sewage sludge granules and the possible reasons
for the observed self-heating phenomenon. It was found that a cascade of reactions and a series of circumstances
are responsible for the thermal runaway, where each of them isolated would not lead to an event. Mainly respon-
sible for triggering the initial temperature raise is the oxidation of Fe() compounds, added to the wastewater as
FeCISO, for phosphate precipitation, and present in this lower oxidation state due to the reducing conditions in
the digesters. Sulfate reduction to sulfide by sulfate-reducing bacteria (SRB) presents an additional source of latent
heat in the final product once brought in contact with air as demonstrated by the observed formation of the high

temperature allotrope y-sulfur.
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Introduction

Urban wastewater consists of impure water
released by residential, institutional, com-
mercial and industrial facilities.['l Such
water carries all sorts of undesirable com-
pounds such as toxic and polluting sub-
stances and pathogenic organisms, but also
valuable substances like plant nutrients.
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To remove the harmful compounds, the
wastewater is therefore collected through
the sewer and directed to a sewage treat-
ment plant (STP) where it is purified by
several physical, chemical and biological
processes.l?l Resulting from this complex
treatment, on the one hand, purified water is
released into the effluents and on the other
hand sewage sludge is retained as waste. At
first sewage sludge is a liquid suspension
with ~4% dry solids (DS) content, which is
then centrifuged to obtain dewatered sludge
(~ 35% DS), or even dried further resulting
finally in dried sewage granules (~92 % DS,
size typically up to 3 mm).

Until recently the sewage sludge was
mainly used as fertilizer in agriculture
thanks to the nutritive substances like
phosphates and nitrogen-containing com-
pounds. However, the recycling of such
waste also causes negative effects on the
ecosysteml?! due to the presence of heavy
metal ions,[4! persistent organic pollutants!
or even pharmaceuticals!®7! in the final sew-
age product. For this reason, the Swiss Fed-
eral Government banned the use of sludge
as a fertilizer in order to prevent any risk of
irreversible damage to the soil and hence
to the population. Fertilization with sewage
sludge has been restricted stepwise since
May 2003 and was universally banned in
October 2006.

As a consequence, a new elimination
route had to be found for this significant
waste product: in 2002, Switzerland pro-
duced ~200°000 tonnes DS of sewage
sludge and this amount has changed little
since. Its high organic content, ~50% DS,
allows the incineration of this sewage waste
and therefore the thermal conversion to ash
presented a suitable option. Therefore, all
the sewage waste produced in Switzerland
needs to be incinerated respecting environ-
mentally friendly norms. Moreover energy
production from combustive waste elimina-
tion is a doubly beneficial strategy, because
burning waste is considered CO,-neutral in
accordance with Swiss policy on the imple-
mentation of the Kyoto protocol.[! Sewage
sludge is therefore considered as a ‘green’
fuel in contrast to conventional fossil en-
ergy sources.

In 2002 40’000 tonnes DS of sewage
sludge (20% of the Swiss production) were
already incinerated by the cement indus-
try,[! because this process binds most of
the ashes in the produced clinker. The dried
sewage granules are transported to the ce-
ment plants by road, where they are trans-
ferred with compressed air from the truck
into large storage silos. From there the sew-
age material is transported through pipes to
the furnace when needed as auxiliary fuel
for the cement production.
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Self-Heating Process and Thermal
Runaway

The temporary storage of dried sewage
material caused problems at several Swiss
cement plants, however, because of fre-
quent spontaneous temperature increases
within the stored granules. This self-heat-
ing is sometimes followed by a thermal
runaway and a consecutive fire if the silo
is not emptied rapidly enough. In addition
the feed of the granules to the furnace is
prevented due to the formation of sintered
material which obstructs pipes and valves
(Fig. 1). Such incidents seriously damage
all efforts aimed at highlighting the value
of dried sewage granules as a CO,-neutral
alternative fuel.

Fig. 1. Sintered blocks (left) after a thermal event
during storage of dried sewage granules (right)

It was observed that these thermal
events and the consecutive fires happened
more frequently after the delivery of sew-
age granules from the Bern STP. However,
sewage sludge produced at the Bern STP
has the same composition as the sewage
waste of other STPs in Switzerland, ex-
cept for its fairly high iron content (Fe,
7-12% DS) resulting from the addition of
iron chlorosulfate (FeCISO,) to precipitate
phosphates and to increase the weight of the
bio-waste for faster sedimentation.

Research Project

The occasional smoldering fires in the
storage silos considerably disrupt working
schedules and processes at the cement pro-
duction plants and hence the timely elimi-
nation of the dried sludge from the sewage
treatment plants. Therefore the different
stakeholders, the Swiss Federal Office for
the Environment (FOEN), the Associa-
tion of the Swiss Cement Industry (CEM-
SUISSE) and the Bern STP (ARA Bern
AG) decided to mandate us with a research
project on the thermal runaway of dried
sewage sludge in storage tanks. This initial
project was later expanded to the College of
Engineering and Architecture of Fribourg

through a larger project financed by the In-

novation Promotion Agency (CTI).

With the objective of understanding
thermal runaway in the stored sewage gran-
ules from its intrinsic origins to the result-
ing fire, the project aimed also at providing
technical measures for fire prevention. The
project consisted therefore in an experimen-
tal part including large-scale (multi-tonne)
storage experiments and in a more funda-
mental research part including a thorough
material characterization.

Our first assumption was that some of
the organic material of the sludge sponta-
neously undergoes auto-oxidation releasing
enough energy to keep the process going,
or eventually to accumulate enough heat to
start the combustion of the remaining or-
ganic material. The addition of antioxidants
was expected to retard this decomposition.
This assumption was tested in large-scale
storage experiments using freshly produced
sewage granules with and without antioxi-
dant treatment. At the same time the impact
of pneumatic transfer utilized in unloading
the granules from the transporting truck to
the silo was examined.

As this first assumption could not be
validated, a systematic investigation of the
physical properties and the thermal behav-
ior of the material was initiated along the
following working hypotheses:

i) low-temperature oxidation of the organ-
ic material under specific conditions;

ii) surface oxidation due to the pneumatic
transfer from the transporting truck to
the silo;

iii) an external event as ignition source of a
weakly reactive ‘granules — air — humid-
ity’ system;

iv) biological activity of residual micro-
organisms;

v) auto-oxidation of the organic material
catalyzed by transition metal species
(e.g. Fe3t);

vi) pyrophoric activity caused by iron sul-
fide;

vii) exothermic hydration of dry sewage
granules by moisture.

Experimental Results

Storage experiments with three select-
ed antioxidants (sodium hypophosphite
(Na,HPO,), Ciba® Prostab® 5198 and
Ciba® HTMP) were performed in a model
silo of 18 m? (Fig. 2), a small model com-
pared to the typical 175 m? storage silos
used in industry, at a scale of about twelve
tonnes of freshly dried sewage granules.
The antioxidants were selected according
to three criteria: costs and availability (sew-
age is not a material of high added value
like polymers), water solubility and mode
of action. The antioxidants were added by
injecting them as aqueous solutions in the
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Fig. 2. Experimental storage silo (18 m3) allowing
several manual temperature measurements (T,
T,, T3 and T,) at three different depths (0.60, 0.85
and 1.10 m), continuous temperature logging in
the centre of the silo (L, and L,, locations shown),
the monitoring of the humidity and the carbon
monoxide concentration (M) and the manual
sampling of stored granules (S; and Sy)

dewatered sludge before the final drying
stage. The resulting antioxidant loading
amounted to ~0.1%.

The fluidized bed dryer plant at the
Bern STP operates at 85 °C in a combustion
gas atmosphere (oxygen content ~4—6%).
After passing under the same protective
atmosphere through a cooler the dry mate-
rial is accumulated in a temporary storage
silo, from which the granules are directly
discharged to a transport truck without
air contact. The pneumatic transfer of the
dried sewage granules from the truck to the
experimental silo uses hot compressed air
(120 °C) as in the regular delivery at the
cement industry. In some experiments this
compressed air was chilled to ~15 °C prior
to the contact with the material. During
loading at the top of the silo a ventilator
vented the resulting dust.

Out of the six experiments performed
only one showed no thermal runaway
(Table). In all cases the initial temperature
of the material (~40 °C) increased within
2—7 h to 80—-100 °C, as indicated by the
two temperature loggers L, and L, fitted
to the experimental silo (Fig. 3). After
staying at this temperature for about three
days a sudden further temperature increase
was noted (c.f. Fig. 3), exceeding in some
cases 600 °C. By adding antioxidants this
steep temperature increase was retarded
by about 24 h in the case of Na,HPO, and
by 12 h in the case of Prostab® (Table)
compared to a blank experiment without
antioxidant.
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Table. Onset and maximum temperature increase for the thermal events (self-heating and thermal
runaway) spontaneously occurring during the storage of dried sewage granules (Bern STP) in a large-

scale experimental silo

Exp. Pneumatic Antioxidant Pos.

loading treatment Tonset (tonset)

L, 51.1 (7.4 h)
1 Hot air -

L, 46.0 (4.2 h)

L, 488(7.8h)
2 Hot air Na,HPO,

L, 49.0 (2.2 h)

L, 47.2(15.4h)
3 Hot air Prostab®

L, 52.0 (6.5 h)

L, 46.0 (3.9 h)
4P  Coldair -

L, 44.1 (1.8 h)

L, 43.0 (17.2 h)
5 Cold air -

L, 56.5 (5.6 h)

L, 46.0 (22.1 h)
69 Cold air HTMP

L, 42.0(22.2h) 91.0(22.6h)

aT

onset

Self-heating?

Thermal runaway

Tmax (tmax) Tonset (tonset) Tmax (tmax)
95.8(10.9h) 88.9(72.2h) 250.7 (97.7 h)
83.4(5.9h) 324(111.9h) 762.0(125.8 h)
96.2(9.7h) 84.4(81.3h) 312.4(84.7h)
86.5(2.9h) 42.0(136.6h) 495.5(142.8 h)
93.8(17.4h) 93.8(50.9h) 189.2 (119.3 h)
86.5(8.5h) 61.5(123.7h) 648.5(138.5h)

96.2 (10.7h) -° -

61.8(5.9h) - -

96.2(212h) - =

86.5(10.0h) 76.5(88.9h) 678.0(99.9 h)
96.2 (24.2h) 43.0(177.2h) 333.0(187.3 h)

52.0 (171.1 h) 239.0 (181.2 h)

for the initial temperature [°C] at the beginning of the thermal event and T, for the

maximal peak temperature [°C], occurring respectively at time t, .., [h] and t .. [h]
b) The loading pipes were closed during the whole storage experiment preventing the venting on

the top surface of the stored granules

© No thermal runaway occurred after the self-heating process
9 The ventilation at the top of the stored granules was started 0.7 d after the start of the storage

experiment due to a fan dysfunction

In a second series of experiments (en-
tries 4-6) chilled compressed air was used
for the pneumatic transfer. Comparison of
experiment 1 and 5 show no significant
difference, however, since in both cases a
thermal runaway after three days occurred,

with the only difference that this time the
hot zone appeared in the centre of the mate-
rial (data logger L,) and not near the surface
(logger L,). The other blank experiment
under these conditions surprisingly showed
no thermal runaway, despite a first thermal

Inside Temp. (L)
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Outside Temp.
500+
£ 4004
o)
-
£ 300
-
&
g 200
)
=
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Fig. 3. Self-heating and thermal runaway occurring during the storage of
the dried sewage granules treated with sodium hypophosphite (Na,HPO,),

loaded with hot compressed air
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event as in all other experiments. It has to be
noted that in this experiment the two load-
ing pipes were closed after charging the
silo, a measure that somehow reduced the
fresh air intake during storage. This experi-
ment was stopped after eight days monitor-
ing because the measured temperature mo-
notonously decreased to the initial value,
but as the last experiment (entry 6) shows,
a runaway could still have happened at a
later time. Experiment 6, a run in presence
of the antioxidant HTMP is remarkable for
several reasons: firstly, due to a malfunc-
tion of the ventilator at the top of the silo,
venting was interrupted for the first 18 h.
No temperature increase was noted during
this time. But 4 h after starting the ventila-
tor the usual temperature rise above 90 °C
was noted. Secondly, despite a monotonous
temperature decrease to 43 and 52 °C for
the two sensor positions L, and L,, respec-
tively, a sudden rise of the temperature was
noted 6 d later. Shutting off the oxygen sup-
ply obviously does not prevent the thermal
events, but merely delays them.

Clearly the antioxidant treatment could
not suppress a thermal runaway. Further-
more the antioxidants do not appear to
influence the first temperature increase,
which regularly occurs within hours after
charging the storage silo. Air seems to be an
important factor for the first temperature in-
crease, as shown in experiment 6 where the
defect ventilator delayed the first thermal
event for the time that it is was not running.
We therefore decided to examine closer this
first thermal event, since we argued that it
triggers the subsequent self-heating of the
material, which ultimately results in a fire.

The first working hypothesis of a low-
temperature oxidation of the organic mate-
rial has to be rejected because no change of
the organic fraction could be detected by
solid-state 13C MAS-NMR before and after
storage with heating up to 80 °C. Likewise
the CHN analysis values remain invariant
during storage at room temperature, at 50
°C or at 80 °C. Moreover TG-MS analy-
ses showed only the loss of water when
heated to 100 °C, which is not surprising
since the sewage granules still contain ~8%
w/w water. However, DSC measurements
performed in air show a very small exo-
thermic peak between 50 °C and 150 °C
(Fig. 4). Repeating the experiment under
nitrogen flow, the expected endothermic
peak corresponding to the water evapora-
tion is now clearly visible, which indicates
that the water evaporation is balanced by
an exothermic process taking place in the
same temperature range. As the noted heat-
ing effect shown in the difference of the two
DSC runs (Fig. 4), executed on very small
quantities (a few milligrams), cannot be ex-
plained by a heat accumulation phenomena
as in large-scale storage, this exothermicity
hints to a self-heating process. In addition
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Fig. 4. DSC analyses of dried sewage granules performed at 5 K/min, from
30 to 600 °C, under air and nitrogen flow (100 ml/min)

kept at RT
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Fig. 6. DSC analyses of dried sewage granules taken a) at the dryer plant
of the Bern STPR, b) in the transporting truck after loading, and c) in the
pipe after the pneumatic transfer from the truck to the storage silo at the
cement industry. Measurements performed under air-flow at 3 K/min, from

30 to 700 °C.

this thermal event fades with progressive
age of the sample: once this first event is
over spontaneous self-heating is no longer
observed.

Combustion analyses show that this
exothermic process is oxygen demanding,
because the oxygen concentration already
decreases at storage temperatures exceed-
ing 30 °C. This oxygen consumption was
confirmed by small-scale (6—8 1) storage
experiments in insulating Dewar recipients:
blowing air through the material clearly
results in an accelerated self-heating on a
much shorter time scale compared to stor-
age experiments without additional air (Fig.
5). This experiment closely resembles real-
ity, because each addition of a new batch
of granules in the industrial storage silo
supplies the already stored material with
fresh air, thereby maintaining the oxidative
process. But despite its dependence on oxy-

gen this first thermal event cannot be sup-
pressed by using inert conditions, because
the residual oxygen in the highly porous
material or the air leaking-in under large-
scale storage conditions suffice to sustain
the exothermic and hence self-heating pro-
cess: the very high porosity of dried sewage
granules yields a gaseous fraction of ~70%
of the total volume in a non-compacted
heap of material. Consequently the model
storage experiments performed under inert
atmosphere present a similar temperature
increase compared to those made under
normal atmosphere provided a large enough
sample size (above 6 to 8 1) is used.

The second hypothesis invoking surface
oxidation due to the pneumatic transfer from
the transporting truck to the storage silo can
be dismissed as well. Samples taken before
and after the pneumatic transfer show the
same reactive behavior (small residual exo-

Fig. 5. Spontaneous temperature increase measured during isothermal
storage of dried sewage granules in an insulated container (6.7 | Dewar)

thermicity at 100 °C) observed for samples
fresh out of the dryer plant (Fig. 6). As al-
ready shown in the large-scale storage ex-
periments, no significant difference was
noted between experiments with normal
(hot air) pneumatic transfer and the ones
using chilled air. Although the process is
oxygen-dependent, it appears that self-heat-
ing requires, more importantly, the thermal
insulating properties of settled material that
prevents any heat dissipation. Even if the air
of the pneumatic transfer could allow accel-
erated surface oxidation, the produced heat
would be removed by the air-flow.

Occasional ignition events, such as
electrostatic discharges in the storage silo
or during pneumatic transfer, fluctuating
composition of the granules, or spurious
amounts of highly reactive material were
invoked in a third hypothesis. However, ex-
periments showed that the residual conduc-
tivity of dried sewage sludge is high enough
to prevent static charge accumulation. The
composition of the material fluctuates but
within surprisingly narrow limits, as shown
in numerous analyses. Furthermore there is
no correlation between the composition of
the material and the noted thermal events.
Although in all large-scale storage experi-
ments the fire finally started in specific lo-
cations, the events could not be explained
by predetermined hot spots but rather by
randomly cooperating parameters, which
cross a critical threshold at a location given
by chance.

Biological activity is a frequently cited
hypothesis as a possible ignition source of
organic material. Residual microorganism
activity in sewage granules was therefore
studied. Although the presence of bacterial
spores within the material was confirmed,
these microorganisms, mainly E. Coli, are
in a dormant state because dried sewage
granules do not provide a sufficiently nutri-
tive media for biological growth. Therefore
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the self-heating observed in our case can-
not be attributed to the biological activity
of the residual microorganisms. In addition
a biological process would require a much
longer induction period (days to weeks) and
a much larger moisture content to lead to
self-heating, whereas the observed sponta-
neous temperature increase occurs within
a few hours only, and this at a very low
moisture content, where in addition part of
it is even bound as crystal water. Moreover
E. Coli is a typical mesophile with a maxi-
mum growth temperature of 48 °C, prevent-
ing any further biological activity at higher
temperatures.

Our initial hypothesis, the auto-oxidation
of the organic material catalyzed by some
transition metal species, especially iron, was
investigated in detail, because iron is present
in large amounts in the final sewage waste.
During the waste water treatment, Fe(i) is
added as iron chloride sulfate to raw sewage
flows arriving at the Bern STP for phosphate
precipitation. Later in the sludge treatment
route, the iron is reduced to Fe(i1) under the
anaerobic conditions of the digesters. This
is confirmed by the iron speciation of lig-
uid sludge samples (Fig. 7), in which nearly
80% of the total iron content is Fe(i). After
centrifugation, this Fe(u)/Fe(i) ratio stays
constant for the dewatered sludge samples,
whereas after the drying process the Fe(i)/
Fe(m) ratio drops to 50% (Fig. 7). This
oxidation occurs under the dryer working
conditions at around 85 °C and under a low
oxygen atmosphere (<4% vol.). During the
storage of the dried sewage granules, iron
oxidation continues due to the presence of
residual oxygen and air leaking in.

In the dried sewage granules, a large
fraction of the ferrous iron is present as
crystalline  vivianite, Fe;(PO,),-8H,0,
which corresponds to at least 20% of the
total iron present in the dried material as
shown by powder XRD analysis, quantified
by the Rietveld method. A large fraction of
the remaining iron is microcrystalline or
amorphous iron phosphate, not detected by
powder XRD analysis, but deduced from
the known amount of phosphate present.
The remaining iron salts are amorphous
compounds of unknown composition. As
shown by high temperature powder XRD
the crystalline vivianite is stable in air up
to 75 °C, but starts to decompose at higher
temperatures due to the oxidation of Fe(m)
and by releasing the crystalline water mol-
ecules. Vivianite decomposition is hence
a process that could explain in part a sus-
tained temperature in the 90-110 °C range,
but not the initial temperature raise starting
from the initial level of 30-40 °C to the ele-
vated temperature of 80—90 °C. As this first
temperature surge is not affected by added
antioxidants, one can safely conclude that
auto-oxidation of the organic material is not
responsible for it.
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Fig. 7. Fe(n)/Fe(n) ratio in fresh samples of liquid sludge, dewatered sludge

and dried sewage granules determined by ILC

The sewage of the Bern STP is rich in
sulfate due to the added FeCISO,, since only
a small part of the sulfate leaves the purifi-
cation process in the form of soluble salts in
the cleared run-off water. Sulfate-reducing
bacteria like desulfobulbus are known to oc-
cur in sewage, and the presence of Fe(i),
which is concurrently reduced to Fe(n), is
beneficial for their action, since it removes
(inhibitory) H,S formed in the reaction as
insoluble FeS. Iron sulfide is known to be
oxidized by oxygen to yield Fe(in) and el-
emental sulfur. Although elemental analy-
sis determines for dried sewage granules a
sulfur content of ~1%, sulfide could not be
detected by a classical analysis (addition of
conc. HCI while bubbling the headspace
gas through a Pb(OAc), solution). Since a
test for sulfide likewise failed on dried sew-
age granules spiked with FeS, but worked
perfectly on material spiked with Na,S, the
presence of iron sulfide cannot be excluded.
It has to be noted, however, that sulfide is
oxidized to sulfur in the presence of a sys-
tem containing Fe(im).

The presence of iron sulfide was there-
fore indirectly proven by serendipity: at the
end of several storage experiments the for-
mation of minute quantities of tiny crystals
was noted on the surface of the granules.

Fig. 8. SEM and EDS microanalysis of the sulfur
crystals formed during the storage of dried
sewage granules

Storage experiments with added moisture
yielded even larger crystals (Fig. 8), which
finally allowed them to be identified by
single crystal X-ray analysis as monoclinic
v-sulfur. This high-temperature allotrope is
known to form under lower pressure in a
temperature range of 100—-115 °C only, a
finding which hints in our case to formation
under highly exothermal conditions.

The last hypothesis involves hydration
as an exothermic process. It was noted that
large granules (>3 mm) typically showed
a considerably higher moisture content
(~82% DS) compared to smaller granules
(<3 mm, >92% DS). After storage this dif-
ference vanished. Addition of small quanti-
ties of water (0.6% w/w) provoked exother-
mal events, even after extended storage (Fig.
9). Although one could argue that evapora-
tion and re-absorption of water would be
energetically neutral, it could nevertheless
present a mechanism for propagating heat
through the material, which otherwise be-
haves as a very good thermal insulator with
a measured thermal conductivity of 0.33
Wm™'K~! and a thermal diffusivity of 0.44
mm?s~!; values comparable to wood chips
and glass, respectively. In addition, the
distinctively enhanced formation of sulfur
crystals in the presence of added moisture
hints to an accelerated iron sulfide oxida-
tion in the presence of traces of water.

Conclusion

Our observations and experiments clear-
ly show that thermal runaway in stored dry
sewage granules cannot be attributed to a
single process, butis rather the consequence
of a series of sequential events, accentuated
by the very low thermal conductivity of the
material, which favors the accumulation of
heat. At first, sulfide is oxidized to sulfur
and the remaining Fe(ir) converted to Fe(i).
The exothermicity of these events decom-
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Fig. 9. Spontaneous temperature increase measured during the storage of
dried sewage granules (9.4 kg) in an insulated container (14.2 | Dewar) with

water additions (60 ml each)

poses the crystalline vivianite, releasing
thereby its crystal water. Exothermal re-
absorption of this water by neighboring
material adds to the heat already produced
and accelerates the FeS oxidation. If the air
present in the silo cannot remove the heat
by convection, heat accumulates further
until auto-oxidation of the organic material
sets in at ~120 °C.

Although all the exothermic processes
discussed are oxygen-dependent, the use
of totally inert conditions for transport,
handling and storage of the material is
not a practical solution in view of the
volumes and procedures involved. In ad-
dition, as one of the large-scale storage
experiments shows, thermal runaway is
prevented if the first thermal event relax-
es slowly as achieved by controlling the
amount of oxygen available. Under these
conditions heat production from oxidation
of the inorganic material never exceeds
heat dissipation and hence prevents heat
accumulation, which would trigger the
auto-oxidation of the organic material as
a secondary event.

Preventive measures would therefore
include either excessive venting of small
enough batches of the material, or alter-
natively reducing the contact with air as
much as possible with concomitant rapid
consumption of the reactive material.

Replacing the commodity chemical
FeCISO, by the more expensive FeCl, or
even aluminum salts would present another
possible solution of the problem, how-
ever rejected by the STP because of other
problems associated with these chemicals:
aluminum compounds would not bind the
present hydrogen sulfide in the bioreactors,
and FeCl, is feared because of its corrosive
behavior with respect to the stainless steel
installations.

As a third and probably most effective
preventive measure the oxygen content in
the dryer atmosphere could be raised from
the present ~4% to a value near 10% to oxi-
dize the inorganic material at a stage where
heat accumulation is excluded.

Finally the installation of oxygen sen-
sors in the storage silos could help in early
detection of thermal events, since any slow-
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ly accelerating chemical process would
start to consume the available oxygen; its
concentration would start to drop. Experi-
mental trials would allow a critical level to
be defined at which emptying of the stor-
age silo would be indicated. This technical
measure is already applied at one cement
plant (Vigier, CH-Péry) presenting obvi-
ously a good solution, as no smoldering fire
has occurred since.

Not recommended are heat exchanger
installations in the storage silo: the low
thermal conductivity of the sewage gran-
ules would require an impractical dense
packing of the cooling tubes.
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