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Abstract

Dust removal from a gas stream is a common problem in many industrial
processes (e.g. power, cement, steel plants, etc.). In the last decades, plant
managers more and more often have had to face the necessity of improving
de-dusting systems in order to meet more stringent law requirements, inspired by
the principle of the “maximum safety technologically feasible”, but also pushed
by the increased penetration of environmental issues into public opinion, and its
meaning in terms of company image. Budgets for these improvements play a role
in a general asset management strategy: de-dusting, being often an operation
having low influence on production performances, is seen more as a “necessary
cost” than a profit generator. The trend for companies, especially in the actual
economical scenario, is to reuse existing de-dusting plants, enhancing their
efficiencies rather than install new plants that would involve costs for the
decommissioning of obsolete equipment. The obvious economic benefits of
retrofits are counterbalanced by technical disadvantages. In particular, a
systematic assessment of safety issues is required, not limited to the safety-
oriented design of new machines, but extended in the evaluation of the impact
that changes in process conditions (induced by the new equipment) can have on
the existing ones.

In this work, explosion problems in the de-dusting section of a cement plant
have been considered. Particularly, using fault tree analysis, it has been evaluated
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the changing in the overall risk (considering one year of mission time) of
explosion referring to a hybrid-like collector realised by introducing a Fabric
Filter (FF) downstream with respect to an Electrostatic Precipitator (ESP).
Results have shown that a chain of failures in the FF section may affect
relevantly the risk of explosions occurrence in the collector leading to the
unavoidable need for the introduction of mitigation actions into the system.
Keywords: cement plants, risk assessment, explosions, safety, hybrid collectors,
retrofit.

1 Introduction

Cement manufacturing is one of the largest mineral commodity industries in the
United States, with an estimated production capacity of greater than 73 million
tons annually [1]. On the contrary, in European countries, a huge decrease in
cement consumption has been registered during the last five years. Particularly,
in 2012, there has been a 22.1% (with respect to 2011) decrease in the
manufacturing of cement and this trend seems to continue [2].

The new regulation on Solid Recovery Fuel (SRF) from municipal solid
waste (MSW) can change this trend and give a higher speed to this sector and
decreasing the dust problem but increasing the chlorine or the heavy metals ones
[3-6].

Essentially, the most important part of a cement manufacturing process is the
kiln, a horizontal steel cylinder, lined with firebrick and slightly sloped
downward from the raw material feed to the fuel feed supply. Typically, a kiln
rotate slowly (maximum 1-3 rpm), heating the raw material mix to obtain very
hot, marble-sized chunks known as “clinker”. Once out of the kiln, the clinker
undergoes a cooling process. When sufficiently cool, the clinker is ready to pass
through a series of grinding and milling processes providing that gray powder
known as cement.

The cement industry is very capital intensive. Some of the major pieces of
equipment include pulverisers, dust collectors, electrostatic precipitators, and
rotary kilns. Energy costs can account for up to 40% of the total cost of cement
manufacturing. Currently, over 90% of the installed capacity uses coal as
primary fuel for the kiln burner. Conversion to coal was started in the 1970s.
Unfortunately, the use of coal as fuel is very dangerous because of the possible
triggering of fire and explosions during cement manufacturing.

Moreover, the cement industry has to face another relevant problem:
atmospheric dust emissions. These emissions became in the last years the most
studied problem in terms of urban pollution independently if they are produced
from industrial processes, from traffic or from cooking or domestic heating [7—
10].

Dust removal from a gas stream is a common and quite cheap operation
required in many industrial processes but, in the last decades, more and more
stringent law requirements have forced this common operation to become very
expensive. Budgets for introducing improvements (or new units) in the already
existing de-dusting equipment play a fundamental role in the general asset

WIT Transactions on The Built Environment, Vol 151, © 2015 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



Safety and Security Engineering VI 241

management strategy: in fact, de-dusting, being often an operation having low
influence on production performances, is unavoidably seen more as a “necessary
cost” than a profit generator. Companies’ trend, especially in the actual
economical scenario, is to reuse existing de-dusting plants, enhancing their
efficiencies rather than install new plants that would involve costs for the
decommissioning of obsolete equipment. Unfortunately, the obvious economic
benefits of retrofits are counterbalanced by technical disadvantages and possible
safety related problems. In particular, a systematic assessment of safety issues,
not limited to the safety-oriented design of new machines, but extended in the
evaluation of the impact that changes in process conditions (induced by the new
equipment) can have on the existing ones, must be done.

In this work, we have focused on the relevant problem of the triggering of
explosions in the de-dusting section of a cement plant. Particularly, using fault
tree analysis, it has been evaluated the changing in the overall risk (considering
one year of mission time) of explosion referring to a case study where a hybrid-
like collector is realised by introducing a Fabric Filter (FF) downstream with
respect to an already installed ElectroStatic Precipitator (ESP). Results have
shown that failures in the FF section may affect relevantly the risk of an
explosion occurrence in the collector itself leading to the unavoidable need for
the introduction of mitigation actions into the system.

2 Description of the hybrid-like collector

Hybrid collectors are abatement systems that have been designed specifically to
take into account all the factors affecting their operational efficiency. Because of
this fact, they have very high collection efficiency, and they represent the best
technology currently available in order to fully comply with the limit values laid
down by specific authorizations issued by the competent bodies.

The hybrid collection system treated in this case study has been realised by a
retrofit operation consisting of an addition of a fabric filter downstream an
already installed electrostatic precipitation section.

Given the particular system design, the amount of dust emitted into the
atmosphere is considerably lower than that allowed by the strict environmental
standards in force.

Hot gases (about 300°C), coming from the pre-heating section of the kiln, are
partly used to dry and ventilate both the coal and the crude feed mills but, while
the gases of the coal mill are filtered independently, the dusty gases used in the
kiln are mixed with the gas coming from the pre-heater in a tower (called
“conditioner”) where they are cooled (till about 160°C) and humidified with
water spray; the amount of dosed water is regulated by a computer as a function
of the gas temperature.

Then, the conditioned gases enter the electrostatic section of the hybrid filter,
whose design is such as to allow a very low gas velocity (in order to favour the
separation of the dusts from the gaseous stream). The operating principle of an
electrostatic precipitator is based on the effect of ionization of a neutral gas
(corona effect) when it passes through a strong electric field formed by issue
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(negative polarity) and precipitation (or collector) electrodes (positive polarity).
Thanks to the very high applied voltage (in this case, 65 kV), the issue electrodes
emit electrons by photoelectric effect and charge the dust particles of which the
gas to be de-dusted is rich; in this way, the charged dust particles will be
attracted by the precipitation electrodes (or plates). The dust settles on the plates
so that, periodically, they have to be “shocked” in order to be kept clean and
fully operative. Particularly, an electrostatic precipitator can remove dust
particles as small as 1 um with an efficiency exceeding 99%.

Immediately then, the partially de-dusted gases pass through another section:
the fabric filter.

A fan located downstream of the fabric filter aspires the air flow to be de-
dusted, causing its entry in the lower part of the filter; hence, the gas going up
meets the rows of bags and passes from the outside to the inside of their tissue
cylinder.

The particles suspended in the gas are retained on the outside of the bags thanks
to both the structure of the fabric fibers and a layer of particulate laying outside
the fabric of each bag (which is capable of retaining even the finer particles).

The collapse of each bag on itself, given by the outside-inside air flow, is
prevented by a basket that keeps roughly the shape of a tube.

The de-dusted air inside of each bag is now aspired and removed by the filter
in the upper part of the chamber to be sent to the chimney, always thanks to the
fan cited above. Approximately every 8 min, in order to avoid the clogging of
the filtering surface because of an excessive deposit of dusts, an air jet at high
speed is blown inside of each bag: such a jet, impacting against the filtering
surface, causes a sudden expansion of the bag and allows for the detaching of the
crust of dust that has been formed on it. This cleaning system is called “pulsed
jet” and has the advantage of not having to exclude the bags from the filtration
system during cleaning operations; the air jet is provided instantly through
solenoid valves from dedicated storage tanks, whose operating pressure is about
6 bar, and acquires a high speed through the venturi ducts placed on the basket of
each bag. To maintain continuous filtration during the cleaning operation, the air
is fed to a row of bags at a time, allowing the other rows to continue to carry out
their activity. The detached material falls into the hoppers at the bottom of the
filtering chamber and, then, it is extracted by means of a worm screw and
returned to the kiln by means of conveyor belts.

All these constitutive parts of the plant have been reported in fig. 1, which
shows a simple sketch of the de-dusting unit.

3 Risk assessment in cement plants

3.1 General risk assessment procedure

When talking about Quantitative Risk Analysis (QRA), we referred to as a set of
methodologies and structured procedures having the aim of determining (both
qualification and quantification) the so-called “risk function”, which is a
fundamental tool in a decision making process.
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The estimate of the risk is generally performed starting from statistical data
derived from the history of accidents occurred in plants similar to the one under
study: in this case, accidents in cement plants. On the contrary, the determination
of the consequences of accidental events involving the plant under study depends
very closely on the location of the industrial site (at least for what concerns the
aspects of meteorology and hydrology, population distribution, etc.) and,
therefore, it is generally necessary an adaptation of the statistical data to the
particular plant.
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Figure 1:  Sketch of the case study hybrid collector. 1) Final sections of the
fabric filters; 2) hoppers; 3) de-dusted air duct; 4) fan; 5) bottom of
the chimney. The ESPs are located behind the fabric filters.

In most cases, the risk linked with whatever industrial activity results from
the use of chemicals or other potentially hazardous materials [11, 12]. Therefore,
the unavoidable starting point of a risk analysis is always the so-called “hazards
identification” procedure. Protection systems installed into the plant in order to
prevent or, at least, limit the possible effects of accidental events, must to be
taken into account during this evaluation step. In fact, it is important to specify
that an accidental event can occur only if, at the same time, there is a process
anomaly (caused by a variety of reasons) and the failure of all the related
protection systems occurs.
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The next step of a risk analysis is the determination of all accidental scenarios
associated with the previously identified hazards, possibly filtered by the effect
of the available protection systems.

Then, considering all the phenomena involved in an accident (both physical
and chemical), it is possible to evaluate its effects on environment, workers,
people living in the neighbouring of the facility, etc., employing the procedure
constituted by the following steps:

a) identification of all the events that may contribute to the occurrence of that
accident;

b) estimation of the probability of occurrence of such events and their
consequences;

c) quantitative determination of the risk function related to the considered
accidental event (and its use for decision making).

It is important to underline that, in order to use such a procedure, a thorough

knowledge of the considered industrial plant and its processes has to be acquired

for the search of those failures that may trigger an accident (initiating events).

For what concerns the estimation of the probability of occurrence of an
accidental event, it is possible to employ dedicated techniques such as fault tree
analysis.

Finally, after determining the probability of occurrence of each identified
accidental event, the integration of all results allows for the determination of the
function associated with the risk linked to the activity in question.

3.2 Fault tree analysis for QRA

Fault tree analysis is a widely used technique capable of both determining all the
credible modes of occurrence of an undesired event (called, top event), caused by
a complex concatenation of other events (qualitative analysis), and estimating the
frequency of occurrence of the undesired event on the basis of the frequency of
occurrence of the events that cause it (quantitative analysis [13]).

It is a structured procedure that requires a deep knowledge of all the
components of the analysed system; particularly, the chain of intermediate events
leading to the occurrence of the top event must be decomposed (through the use
of logic gates) until reaching the “roots” of the tree, which are constituted by the
so-called “primary events”, that are events for which the probability of
occurrence are always known (e.g., from databases).

Therefore, going from the bottom (roots or primary events) to the top (top
event) of a fault tree, it is possible to quantify the so-called reliability function,
R(1), of a system, that is the probability that, in correspondence of an allotted
time interval (also called mission time, t), a system performs properly the
function for which it was built. From the R(#) function, it is also possible to
calculate both the unavailability function, g(?), which is the probability that the
system is not able to perform its function (because it is broken) at time ¢, and
the frequency of occurrence, W(t), which is the number of times that the system
is not expected to be able to perform its function in the mission time. Of course,
before quantifying a fault tree, it is necessary to determine these quantities for all
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primary events that have been identified in the construction of the fault tree
itself.

Then, it is possible to quantify the entire tree by using a variety of methods.
One of the most simple and known is the Minimal Cut Sets (MCS) method.
Particularly, a MCS is the minimum combination of primary events which is
necessary and sufficient to ensure the occurrence of the top event; in other
words, the top event occurs if all the events in a MCS occur simultaneously.
Therefore, the unavailability of a MCS coincides with the probability of
occurrence of the top event due to the considered MCS. Since the individual
events involved in a MCS are all independent, the overall probability that all
events occur simultaneously is given by the following relation:

q<t>=1ﬁqi<t> (1)

where 7 is the order of the MCS (the number of events that involves the MCS)
and ¢;(?) is the unavailability of each component of the MCS.

A top event can occur if anyone of the MCS that can cause it occurs. The
likelihood of the top event in a given interval of time (mission time, 7) can thus
be calculated as the union (logical OR) of the probability of occurrence of each
MCS that can cause the top event itself, using the following relation.

W(t)zj'T || TTa, ()| | |de @)

where A is the failure rate, that is, the frequency with which a system fails (or the
fraction of the components that fail per unit of time, y'') and ¢ is time, y.

As it is well known, the quantification of a fault tree is always an operation
valid for orders of magnitude. It follows that no unnecessarily high accuracy is
required in the estimate of the probabilities of occurrence of the primary events.

4 Case study: de-dusting system retrofit

In accordance with the purposes of the present research, the authors focused on
the relevant problem of the triggering of explosions in the de-dusting section of a
cement plant. Using fault tree analysis, it has been evaluated the changing in the
overall risk (considering one year of mission time) of explosion referring to
the case study where a hybrid-like collector is realised by introducing a Fabric
Filter (FF) downstream with respect to an already installed ElectroStatic
Precipitator (ESP).

The drafting of the fault trees concerning the top event “occurrence of an
explosion in the de-dusting section” both before (ESP) and after (HYBRID
FILTER = ESP + FF) the retrofit operation was taken into account.
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For what concerns the layout of the de-dusting section (before and after) and
its functioning, reference has been made to the plant sketch reported in figure 1.

Figure 2 shows the graphical representation of a fault tree realised for the
plant configuration before the retrofit operation, that is, considering the de-
dusting section of the plant as constituted by the ESP (and its related
instrumentation) only. Observing the tree, it can be derived clearly how an
explosion of the ESP can be triggered as a consequence of different chains of
events (all intended as failures).

In particular, the top event takes place in the case where both of the following
final intermediate events occurs:
- E10: development of an overpressure higher than 6 bar inside the ESP
chamber;
- E20: failure of the rupture disk installed on the ESP.

Figure 2:  Fault tree for the top event “explosion in the de-dusting section”
evaluated before the plant retrofit.
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It is important to state that, within the scheme of the fault tree, all the
protective devices present into the plant section object of the analysis have been
considered.

Performing the MCS analysis, it is possible to observe that there are 4 MCS:
3 of order 4 and 1 of order 5. Among the MCS of order 4, we have all the
combinations of events in which, due to the presence of external factors causing
the blockage of the chimney (EXT), the feed to the de-dusting unit (FEED), the
absence of a scheduled and correct maintenance activity (MANABS),
the blockage of the rupture disk installed on the ESP (SCRBLOC), the absence
of a human action as a consequence of the sounding of the high pressure alarm
(HE) and the breakdown of the ESP pressure indicator (PI), a pressure
overcoming the maximum threshold value can be reached causing a physical
explosion of the ESP chamber.

For what concerns the MCS of order 5, it involves the following combination
of events: fan breakdown (FAN), absence of a scheduled and correct
maintenance activity (MANABS), block of the rupture disk installed on the ESP
(SCRBLOC), pressure interlock (PHL) and temperature controller failure (TIC)
on the water spray feeding line that constitutes the cooling system available for
the hot dusty gases exiting the kiln and addressed to the de-dusting system.

In order to determine all failure rates and unavailabilities, Dossier Ambiente
manuals [4] have been used. Table 1 contains all the data necessary for the
quantification of the fault tree.

Table 1:  Database for failure rates, repair rates and unavailabilities. Case
study: before the plant retrofit.
Primary event | Failure rate Repair rate Unavailability
code [y [yl [-]
EXT - - 1-107
FEED - - 8-10!
MANABS - - 2:103
SCRBLOC - - 110
HE - - 2:103
PI 3-10! 200 1.5-10°
FAN - - 1-10%
PHL - - 1-10°
TIC 1-10! 200 5-10*

Quantifying the fault tree using a simple numerical probability calculation
involving the computation of all MCS, a value of the probability of occurrence
of the top event equal to 5.6 10 y! has been found. Such a value can be located
in the acceptability zone for what concern both individual and societal (<100
inhabitants) risk. Therefore, just from this analysis, the system does not require
to be integrated with redundant protection devices in order to improve the
reliability of the de-dusting section.

Successively, the authors proceeded with the generation of the fault tree
concerning the top event “occurrence of an explosion in the de-dusting section”,
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now constituted by a fabric filter installed after the exit of the already existing
ESP (that is, considering a retrofit operation).

In this case, the generated fault tree is too wide to be reported here but it is
possible to briefly summarise the main results arising from its detailed analysis.
Particularly, 7 different minimal cut sets can be observed: 3 of order 3, 3 of order
4 and 1 of order 5.

Among the MCS of order 3, quite dangerous, we have all the combinations of
undesired events and failures in which, due to the absence of a regular and
correct maintenance activity on the rupture disks of both the fabric filter and the
electrostatic precipitator (MANABS), the blockage of the rupture disks
(SCRBLOC), the breakdown of the cleaning air timing system (TEMP), the
absence of cleaning air (NOAIR) and the failure in closed position of the exiting
valve of the fabric filter (VALCLO), a pressure overcoming the maximum
threshold value can be reached causing a physical explosion of the hybrid —like
collector.

Among the MCS of order 4, we have all the combinations of events
previously determined for the ESP unit alone (even if with some little variants):
blockage of the chimney (EXT), presence of feed to the de-dusting unit (FEED),
absence of maintenance activity (MANABS), block of the installed rupture disks
(SCRBLOC), absence of human actions even if a high pressure alarm is
sounding (HE) and breakdown of the hybrid filter differential pressure indicator
(PD). Finally, regarding the MCS of order 5, we can observe that it is the same
involved in the plant configuration before the retrofit operation (this is because it
involves only failures of equipment located upstream of the ESP and the fan).

As previously done, to determine all failure rates and unavailabilities, Dossier
Ambiente manuals [14] have been used. Table 2 contains all the data necessary
for the quantification of the new fault tree.

Table 2:  Database for failure rates, repair rates and unavailabilities. Case
study: after the plant retrofit.
Primary Failure Rate Repair Rate Unavailability
Event Code [y y'] [-]
EXT - - 1-107
FEED - - 8-10!
MANABS - - 2:1073
SCRBLOC - - 1-102
HE - - 2:1073
PI 3-10"! 200 1.5-10°
FAN - - 1-102
PHL - - 1-103
TIC 1-10"! 200 5-10*
NOAIR - - 0.1
TEMP - - 0.05
VALCLO - - 0.05
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Quantifying the fault tree using a classical numerical probability calculation
involving the computation of all MCS, a value of the probability of occurrence
of the top event equal to 3.8*10° y! has been found. Such a value is located in
the non-acceptability zone for what concern the societal risk (<100 inhabitants)
and at the boundary of the acceptability region if an individual risk is considered.

5 Conclusions

Analysing the two fault trees generated for the undesired event “explosion in the
de-dusting section of a cement plant”, it has been showed that the probabilities of
occurrence of the same top event (considered a mission time equal to 1 year) are,
respectively, 5.6:10® y! and 3.8-10° y!, before and after the performing of a
retrofit operation consisting in the addition of a fabric filter downstream an
electrostatic precipitator (in order to improve the de-pulverisation performances
of the unit to meet with new more stringent regulations on threshold dust
emission values).

While in the first configuration the risk can be considered acceptable (and the
system does not require to be integrated with redundant protection devices in
order to improve the reliability of the de-dusting section), in the retrofit
configuration the risk follows within the non acceptability zone. Therefore, the
system requires to be integrated with redundant protection devices in order to
improve the reliability of the retrofit de-dusting section.

This simple study confirms that each process or piece of equipment change
must be fully evaluated from the safety and reliability viewpoint before being
introduced into an already existing plant because it can imply the increase of the
risk function.
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