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A B S T R A C T

Among other consequences of volcanic activity, recent events confirmed that the hazards caused by volcanic ash 
have a potential impact also at relevant distances from the emission point. The fallout of volcanic ashes may 
affect several utilities and services at industrial sites, potentially causing Natech events with relevant end-point 
consequences, e.g., operational failures, business interruption, and environmental contamination. The present 
study focuses on the vulnerability of process and instrument air intake utility systems to volcanic ash. A detailed 
model, based on an in-depth characterization of ash properties, is developed to provide accurate time to clogging 
estimations under varying conditions. A surrogate model is also proposed to enable a real-time assessment using 
a limited set of input parameters, supporting both preventive planning and real-time decision-making in 
emergency management. A tailored risk matrix is developed to provide a scenario-specific vulnerability ranking 
of critical utilities due to volcanic ash accumulation. A novel quantitative approach for the assessment of risk due 
to filter clogging has also been developed to support the management of the vulnerabilities and critical scenarios 
identified by the matrix screening. The analysis of test cases confirmed the value of the novel approach in 
supporting risk management and resilience against volcanic hazards, aimed at the mitigation of operational 
disruptions and/or more severe process safety accidents.

1. Introduction

Technological accidents triggered by the impact of natural hazards 
(Natech accidents) represent a relevant category of cascading events 
affecting several industrial activities [1,2] and causing prolonged 
downtime of impacted facilities [3,4]. Many industrial installations are 
not designed to withstand Natech events, and natural hazards may 
trigger unexpected accident scenarios unlikely to take place in the case 
of conventional causes [5]. These scenarios can occur not only as a result 
of high-intensity natural disasters, but low-intensity natural hazards are 
increasingly being recognized as causes of accidents as well [6–8]. In 
recent years, the increasing frequency and intensity of extreme natural 
events due to climate change [9] exacerbated the occurrence and 
severity of Natech accidents [10], highlighting the need to develop a 
systematic approach to assess this category of accidents. Significant 
progress has been made for "direct" Natech accidents, involving the loss 
of containment of hazardous substances caused by the structural damage 
of equipment items [11–13], also incorporating hazard-specific ap
proaches to improve predictive accuracy [14]. Methodologies are now 
available to address Natech events due to earthquakes [15–17], floods 

[18,19], and other natural hazards such as strong winds [20] and winter 
storms [21]. However, “indirect” Natech events caused by the failure of 
site utilities, services, and safety barriers due to the impact of natural 
hazards are of particular concern [5,22]. Examples of such scenarios are 
the Arkema [23] and the Fukushima power station [24] accidents. In 
spite of the severity of such events, limited attention has been dedicated 
to date to assessing the hazards deriving from the failure of site utilities, 
e.g., cooling or heating services, instrument air, purging gases, and 
electric power supply, as a consequence of natural hazards [25,26].

The relevance of volcanic hazards for industrial installations is 
highlighted by the International Atomic Energy Agency (IAEA), which 
provides specific guidelines for the hazard assessments in nuclear in
stallations [27,28]. For the most severe impact phenomena of volcanic 
hazards (e.g., lava flow and domes, pyroclastic density currents, debris 
avalanches, volcano-generated missiles, laharic flows), current practice 
and technical standards designate extended exclusion zones where in
dustrial siting is not recommended. However, the application of safety 
criteria based on exclusion distances is not feasible when considering 
tephra fallout. Tephra is composed of volcanic fragments that range in 
size from blocks and bombs (diameters higher than 64 mm), lapilli (from 
2 to 64 mm), and ash (lower than 2 mm). The fallout of the coarser 
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tephra components is generally confined to proximal areas around the 
vent [29,30]. Differently, the atmospheric dispersion and deposition of 
volcanic ash - composed of the finest particles - may affect much wider 
areas, in some cases extending to hundreds to even thousands of kilo
meters from the eruption source [30,31], as experienced in recent events 
that significantly disrupted aviation traffic [32,33]. For this reason, the 
direct structural damage potentially caused by volcanic ash in industrial 
and nuclear facilities has been addressed in several previous studies [27,
28,34–37]. Several potential indirect scenarios caused by ash-induced 
failure of utilities were also identified (e.g., the disruption of electrical 
generators and transmission facilities causing power outages [38], the 
clogging of drains [39], the clogging of filters [40]), but less attention 
has been dedicated to date to the quantitative assessment of the asso
ciated risk.

The clogging of filtration systems for process and instrument air 
supply due to volcanic ash represents a particular concern, and it is 
widely documented as a key impact mechanism for critical infrastruc
ture [41,42]. Filter clogging may also be associated to high-consequence 
accident scenarios, requiring the implementation of specific safety 
measures in sites exposed to the hazard [43,44]. When filters are 
installed on instrument air supply, the blockage may compromise the 
availability of process control systems relying on pneumatic remote 
actuation of valves and may affect operational safety, potentially 
causing indirect Natech scenarios. Considering filters on process air 
supply (e.g., in combustion systems or in air separation facilities), 
clogging may force to emergency shutdown, leading to production 
outage and potentially unsafe conditions. The system downtime may be 
prolonged due to delays in clean-up and replacement activities, which 
may be further hindered by the disruptions of external critical in
frastructures (e.g., transportation, power supply, water systems [29,41]) 
caused by the volcanic ash fallout. As an example, extensive power 

outages were caused due to the clogging of air intakes at two thermal 
generation facilities during the 2011 Cordón Caulle volcanic complex 
eruption [45]. Since timely operations may mitigate such risk, effective 
management of the hazard due to these indirect Natech events is 
crucially dependent on the assessment of the time to clogging (ttc) of the 
filtration systems when exposed to volcanic ash, which in turn depends 
on the specific parameters of the fallout scenario and on the filtration 
system. However, in most previous studies, only qualitative or highly 
empirical semi-quantitative approaches were proposed to assess such 
hazards [34,46,47].

The present study focuses on the vulnerability to indirect Natech 
events triggered by the clogging of filtration systems due to volcanic ash 
deposition. A specific original model is developed to assess the time to 
clogging (ttc) of industrial filtration systems exposed to volcanic ash. 
The model is based on an in-depth characterization of ash properties to 
provide an accurate assessment of the time to clogging under different 
scenarios. The detailed model has been used to train a surrogate model 
allowing for a rapid and practical estimation of ttc using only a limited 
set of ash parameters. The ttc provides a key quantitative metric for 
evaluating the vulnerability of filtration systems to volcanic ash, thereby 
addressing the hazard associated with potential cascading Natech events 
deriving from the unavailability of instrument and/or process air. Based 
on the calculated ttc value, a matrix approach is proposed to evaluate a 
scenario-specific preliminary screening of the vulnerability due to vol
canic ashes. A novel model to quantify the risk associated to the clogging 
of filter systems has also been developed, addressing the assessment of 
critical vulnerabilities identified by the screening matrix, thus providing 
a tool to support decision-making and to improve operational safety in 
facing volcanic hazards.

The paper is organized as follows: Section 2 describes the method
ological approach developed. Two test cases are presented in Section 3. 

Nomenclature

A Intake area, m2

ai Coefficients in the best-fit correlation of θ calculation, -
AMGSA Absolute mean sensitivity index, -
bi Coefficients in the best-fit correlation of θ calculation, -
C Concentration in air, kg • m-3

dp Mean particle size/diameter, m
e Void fraction of the cake, -
E Filtering efficiency, -
EPM10 Filtration efficiency of particles with diameters lower than 

or equal to 10 µm, %
EPM>50 Filtration efficiency of particles with diameters greater 

than or equal to 50 µm, %
iter Generic iteration in the Monte Carlo simulation, -
l Thickness of the cake, m
lc Maximum cake thickness, m
mc Mass of volcanic ash that leads to the critical pressure 

drops, kg
Niter Total number of iterations in the Monte Carlo simulation, -
Pclog Deterministic clogging probability, -
P‾clog Probabilistic clogging probability, -
S Filtering area, m2

SDGSA Standard deviation sensitivity index, -
σp Grain size distribution, -
t Generic time in Monte Carlo simulation, s
t0 Initial time at which the volcanic ash reaches the area of 

interestInitial time in which the volcanic ash reaches the 
area of interest, s

tESD Time for process shutdown completion, h
tmax Maximum time considered in the Monte Carlo simulation, s

tPSD Time for process shutdown completion, h
T Air temperature, K
ttc Time to clogging, s
ttcL Time to clogging considering a loosely packing condition, s
ttcT Time to clogging considering a tapped packing condition, s
u Inlet velocity of the intake air, m • s-1

αi Coefficients in the best-fit correlation for void fraction (e) 
calculation, -

ΔP Pressure drops, Pa
ΔPi Initial pressure drops, Pa
ΔPmax Maximum allowable pressure drops, Pa
Δt Time step in the Monte Carlo simulation, s
θ Correlation parameter in the time to clogging calculation, s 

• kg • m-3 • Pa-1

µf Viscosity of the fluid, Pa • s
ρf Density of the fluid, kg • m-3

ρp Mean density of the particles, kg • m-3

ψ Particle sphericity, -

Acronyms
DM Detailed Model
ESD Emergency shutdown
GSA Global Sensitivity Analysis
LSA Local Sensitivity Analysis
MC Monte Carlo
PSD Process shutdown
SM Surrogate Model
VAAC Volcanic Ash Advisory Center
VAE Volcanic Ash Exposure
VAI Volcanic Ash Impact
VVI Volcanic ash Vulnerability Index
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Section 4 reports the results of test beds, focusing on the impact of 
volcanic ash parameters on the time to clogging. In Section 5 a discus
sion of the results is provided, also addressing the applicability of the 
proposed methodology to real-time hazard assessment. In Section 6
some conclusions are drawn.

2. Methodology

2.1. Modeling approach

The clogging of an industrial filtration system caused by the intake of 
volcanic ashes dispersed in the air is schematically represented in Fig. 1. 
Volcanic ashes enter the filtration system with the intake flow and are 
separated from the air by the filter panel. Then, the accumulation of the 
volcanic ash forms a cake on the panel that introduces an additional 
resistance to the airflow through the filter. Therefore, when the filtration 
system approaches its operating limit, indicated by a threshold pressure 
drop across its surface, it becomes susceptible to clogging, resulting in a 
significant reduction or complete blockage of the airflow through the 
system. Thus, the time to clogging, ttc, of filtration systems due to the 
accumulation of volcanic ash is defined as the time at which the pressure 
drops across the filter exceed the maximum allowable value.

Based on the schematization shown in Fig. 1, a novel approach was 
developed to assess the ttc and the related hazard due to potential 
cascading events. Fig. 2 shows the modeling approach applied and the 
flowchart of the methodology.

In the first step of the approach, data concerning the reference vol
canic ash fallout scenarios, the air intake, and the industrial filtration 
systems considered were retrieved from the literature and the current 
industrial practice. In the second step of the approach, the ttc is calcu
lated using a specifically developed detailed model. As shown in Fig. 2, 
the detailed model was also used to derive a surrogate model, providing 
a rapid estimate of the ttc based on limited data concerning the volcanic 
ash properties. In the third step of the methodology (see Fig. 2), an 
approach was developed to assess the scenario-specific vulnerability to 
cascading events, based on the comparison of the ttc to reference values 
available for the duration of the volcanic exposure and for the time 
required for process and emergency shutdown. Finally, in the last step of 
the methodology (Step 4 in Fig. 2) a Monte Carlo procedure may be 
applied to quantify the risk based on the clogging probability of 
vulnerable equipment identified by the screening matrix, thus enabling 
the quantitative assessment of critical vulnerabilities for the industrial 
site.

2.2. Step 1: input data collection

As shown in Fig. 2, the first part of the approach addresses the 
identification and collection of the necessary input data required to 
assess the ttc of an air filter in the presence of volcanic ash. Table 1 re
ports the list of input parameters necessary for applying the methodol
ogy developed in the present study. Specifically, parameters required for 
the time to clogging assessment relate to the characterization of intake 
air, volcanic ash, and the filtration system. A relevant issue related to the 
evaluation of time to clogging of filtering systems concerns the high 
variability and uncertainty of part of the parameters involved in the 
calculation. More specifically, all the parameters characterizing the 
volcanic ash concentration and size distribution exhibit both high time 
variability and uncertainty. Indeed, these parameters strongly depend 
on the specific volcanic event of concern, on the distance from the 
volcano, on meteorological conditions, and on the time since the start of 
the eruption. It should also be remarked that these parameters are also 
affected by epistemic uncertainty concerning the features of the emitted 
ash particles, due to the complex nature of volcanic scenarios.

It should also be highlighted that, as shown in Table 1, specific 
detailed input data are required to evaluate the volcanic ash vulnera
bility index used to assess the potential hazard for cascading Natech 
events: the estimated exposure time to the volcanic ash (intended as the 
foreseen duration of the presence of ash particles in the air intake), the 
time required to complete process shutdown (i.e., the normal shutdown 
procedure carried out to allow maintenance operations), and the time to 
complete emergency shutdown (i.e., the rapid shutdown caused by the 
presence of unsafe operating conditions).

2.3. Step 2: calculation of time to clogging

As shown in Fig. 2, the second step of the approach consists of the 
application of a model specifically developed to calculate the ttc of the 
filter due to the presence of volcanic ashes in the air intake. The model is 
based on the assessment of the additional pressure drops caused by the 
formation of a “cake” of ash particles. The time to clogging is estimated 
by calculating the time required for the additional pressure drops to 
reach the maximum allowable value derived from the design parameters 
of the blower used for the suction of the air intake.

2.3.1. Evaluation of additional pressure drops
The first step of the detailed model evaluates the additional pressure 

drops across the filter system due to the volcanic ash deposition. The 
Ergun correlation [48] was adopted to calculate the pressure drops: 

−
ΔP
l

= 150⋅
(1 − e)2

e3 ⋅
μf ⋅u
dp

2 + 1.75⋅
(1 − e)

e3 ⋅
ρf ⋅u2

dp
(1) 

where ΔP is the pressure drop [Pa], l is the thickness of the cake [m], e is 
the void fraction of the cake [-], μf [Pa•s] and ρf [kg/m3] are viscosity 
and density of air respectively, dp is the mean particle size [m], and u is 
the inlet velocity of the intake air [m/s].

The application of the Ergun correlation requires the estimation of 
the void fraction of the cake, which can be evaluated using the semi- 
empirical correlation developed by Hoffmann and Finkers [49] as re
ported in Eq. (2): 

e = 1 −
{
1 −

[
(1 − α1)⋅exp

(
α2⋅ρp⋅dp

)
+ α1

]
⋅exp

(
α3⋅σp

)}
⋅ψα4 (2) 

where dp is the mean particle size [μm], ρp is the mean density of the 
particles [kg/m3], σ is the grain size distribution [-], and ψ is the particle 
sphericity [-], whereas α1, α2, α3, and α4 are best-fitting parameters [-] 
derived from experimental data on void fractions and particle proper
ties. Hoffmann and Finkers [49] proposed two sets of parameters, re
ported in Table 2, depending on the extent to which the bed packing is 
compressed. Actually, the void fraction (and therefore the specific 

Fig. 1. Schematization of the phenomena leading to filter clogging due to the 
intake of volcanic ash in industrial filtration systems.
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Fig. 2. Modelling approach and flowcharts of the models developed to assess the time to clogging of filtration systems and the vulnerability to potential cascading 
Natech events.
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pressure drops) changes if the cake formed is subject to compression. 
Specifically, a loosely packed cake is referred to bed in which items are 
arranged with extra space around them, allowing for movement and 
preventing a tight, structured fit. On the contrary, a tapped packing 
indicates a cake that undergoes compression (that may be induced, e.g., 
by system vibrations) until the items are tightly compacted, minimizing 
spaces and restricting movement.

2.3.2. Calculation of the maximum admissible cake thickness
Once the additional pressure drops per unit length in the cake are 

known, the maximum cake thickness before clogging can be evaluated. 
This value also depends on the maximum allowable pressure drop of the 
filter system before clogging, ΔPmax [Pa], and on the initial pressure 
drops, ΔPi [Pa], during normal operation. Based on this information, the 
maximum cake thickness lc [m] is calculated as reported in Eq. (3): 

lc =
ΔPmax − ΔPi

(− ΔP/l)
(3) 

Noteworthy, the initial pressure drops, ΔPi, shall take into account 
the pressure drops due to the filter cloth and the particulate matter 
deposited on the filter during normal operation.

2.3.3. Calculate maximum mass
The mass of volcanic ash that leads to the critical pressure drop, mc 

[kg], is calculated using Eq. (4): 

mc = lc⋅S⋅(1 − e)⋅ρp (4) 

where lc is the thickness of the volcanic ash cake that leads to the filter 
clogging as calculated in Eq. (3), S is the filter cross-sectional area [m2], 
e is the void fraction of the cake [-], and ρp is the mean density of the 
particles [kg/m3].

2.3.4. Time to clogging
The time to clogging ttc [s] is calculated based on the clogging mass, 

on the suction flow rate of the filtration system, and on the ash con
centration in the air according to Eq. (5): 

ttc =
mc

u⋅A⋅E⋅C
(5) 

where A is the intake area [m2] (i.e., the internal area of the front filter 
frame), E is the filtering efficiency [-], and C is the concentration of the 
volcanic ash in the air [kg/m3].

The calculation of the time to clogging using the procedure described 
above does not consider the time dependence of the ash characteristics. 
Among all, the concentration of volcanic ash may present a relevant 
dependence on time, especially when considering the early stages after 
the ashes reach the site of interest. When time variability of ashes con
centration is relevant, a numerical integration may be used to calculate 
the time to clogging, as reported in Eq. (6): 

ttc =
mc

u⋅A⋅E⋅ 1
ttc− t0

⋅
∫ ttc

t0
C(τ)⋅dτ

− t0 (6) 

where t0 is the initial time [s] considered in the evaluation. Noteworthy, 
two different values of the time to clogging can be obtained by applying 
the model: i) considering loosely packing, or ii) considering tapped 
packing condition. Since it is not possible to know a priori the condition 
of the cake formed, the two models may be considered the extreme 
conditions, and the actual ttc value will be in the range calculated using 
the apparent densities corresponding to the two alternative packing 
conditions.

2.3.5. Detailed model validation
Since specific experimental data concerning the time to clogging of 

filters are not available in the literature, model validation was based on 
experimental data addressing the relationship between filter mass 
loading and additional pressure drops caused by the bed of solid parti
cles, that is the core element of the model. Two distinct experimental 
datasets were used for validation (Li et al. [50]; Wang et al. [51]). 
Table 3 summarizes the more important parameters used in the exper
imental runs. As evident from the table, the datasets concern different 
experimental conditions and filtration systems.

Fig. 3 reports a comparison between the additional pressure drops 
divided by gas velocity across the filter and the mass loading of the filter 
cake obtained in the experimental runs and by model simulation. Model 
results are shown for both the loosely packed and tapped packed con
ditions, which define the expected range of the actual pressure drops. As 
evident in the figure, most of the experimental data fall between the 
extreme model conditions. Experimental results outside the loosely/ 
tapped range actually fall below the loose-cake prediction. Thus, the 
model provides conservative estimates of pressure drops for these con
ditions. Such outliers occur at low mass loadings, with maximum ab
solute errors lower than 80 Pa, which are consistent with experimental 
and modeling uncertainties. It should also be remarked that no experi
mental result exceeds the upper bound for pressure drops obtained 
assuming the tapped condition for the model.

2.4. Surrogate model

The application of the detailed model described above requires a 

Table 1 
Required input parameters for the detailed filter clogging model.

Category Parameter SI unit Description

Intake air ρf kg/m3 Density of the fluid
µf Pa•s Viscosity of the fluid

Volcanic ash C g/ m3 Concentration in air
dp m Mean particle size/diameter
ρp kg/m3 Mean density of the particles
σp - Grain size distribution
ψ - Particle sphericity

Filter A m2 Intake area
S m2 Filtering area
E - Filtering efficiency
ΔPmax Pa Maximum allowable pressure drops
ΔPi Pa Initial pressure drops
u m/s Inlet velocity of the intake air

Plant tVAE s Exposure time to volcanic ash
tPSD s Time for process shutdown completion
tESD s Time for emergency shutdown completion

Table 2 
Parameters used in Eq. (2) to evaluate the void fraction. Data from Hoffmann 
and Finkers [49].

Fitting parameter Loosely packed Tapped packed

α1 0.416 0.320
α2 − 0.0142 − 0.0371
α3 − 0.829 − 1.72
α4 0.862 0.848

Table 3 
Main parameters used in the experimental runs.

Parameters Li et al. [50] Wang et al. [51]

Filter type Medium efficiency filter High efficiency filter
Dust concentration [mg 
• m-3]

70, 210 320, 1070, 1700, 
3830, 7080

ISO 12103–1 test dust A2 Fine test dust A3 Medium test dust
Mean particle size [μm] Distribution reported in the 

original study
6.54

Intake velocity [m • s-1] 0.5, 1, 1.5, 2, 2.5, 3 0.1
Loading mass 20.1 - 378.2 g 37.6 - 2764.8 mg
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significant effort for data collection, in particular with respect to the 
characteristics of the volcanic ashes, which may be difficult to obtain. 
Thus, a surrogate model was developed to calculate the time to clogging 
of filtration systems based on simplified correlations. This model enables 
an accurate and reliable estimation of the time to clogging using a 
reduced set of input parameters, thus allowing its application even in the 
absence of detailed data. To reach this goal, a specific procedure was 
followed to develop and validate the surrogate model, as described in 
Fig. 4.

2.4.1. Identification of input parameters for the surrogate model
The first step consisted of the identification of the input parameter 

for the surrogate model, aiming at the reduction of the number with 
respect to the detailed approach. The interdependences among the input 
parameters were first identified. As for the fluid, density and viscosity 
are required in the detailed model; at atmospheric pressure, both are 
critically dependent on fluid temperature T. Assuming a constant 
composition of the air, the temperature T can thus be considered as the 
single input parameter needed to characterize the fluid properties. Well- 
known correlations were used for the assessment of density and viscosity 
based on temperature [52].

Regarding the volcanic ash properties, several previous studies have 
demonstrated that the density heavily relies on the particle size [53–55]. 
In the present study, the density correlation suggested by Pardini et al. 
[56] was considered for the development of the surrogate model. The 
expression is reported in Eq. (7), where dp is the particle diameter [µm]: 

ρp =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

2500 dp < 7.81μm

2500 −
dp − 7.81

1000 − 7.81
⋅(2500 − 1000) dp ∈ [7.81,1000]μm

1000 dp > 1000μm

(7) 

A sensitivity analysis was then carried out to assess the impact of the 
uncertainty related to input parameters on the results. The input pa
rameters considered are those related to the volcanic ash, fluid tem
perature, and air intake velocity. Although the latter typically remains at 
a nominal value, the intake velocity can vary depending on operational 
needs and significantly impacts the ttc value, as shown in Eq. (5). On the 
contrary, the other features of the filter were excluded from the sensi
tivity analysis, since they are well-defined once the system is known.

The analysis was carried out applying a Global Sensitivity Analysis 
(GSA) approach, as it enables to include also the interactions among 
input parameters. Indeed, the use of GSA addresses the challenge of 
determining a nominal value for the parameters, which is not straight
forward in the case of volcanic ash characterization. Table 4 shows the 
credible variability range selected for each parameter based on litera
ture data.

The GSA was performed using the Morris method [59–61], consid
ering 6 samples equally distributed for each parameter reported in 
Table 4. More information on the method is reported in the available 

Fig. 3. Results of model validation: additional pressure drops divided by gas velocity versus the loading mass in the filter cake. Experimental data (green dots) are 
compared to model predictions for the tapped (red rhombuses) and loosely (yellow crosses) conditions. Linear trends obtained for model simulations are also re
ported. (a) Experimental data by Li et al. [50]; (b) Experimental data by Wang et al. [51].

Fig. 4. Methodology for the development of the surrogate model for the 
calculation of the time to clogging of industrial filtration system exposed to 
volcanic ash fallout.
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literature [59–61]. Two sensitivity indices were calculated for each 
parameter: the absolute mean, AMGSA, and the standard deviation, 
SDGSA. The absolute mean indicates the magnitude through which a 
parameter affects the model output. A high value of AMGSA indicates 
that the input variable has a strong influence on the model output. The 
standard deviation, instead, measures the variability in the influence 
that arises from interactions with other parameters. A high value of 
SDGSA indicates that the effect of the parameter on the model output 
strongly depends on the values of other inputs, highlighting interactions 
among input parameters.

To perform the GSA, two filters with significantly different charac
teristics (summarized in Table 5) were selected to ensure that system 
properties do not influence the results. Eventually, the analysis was 
performed using both loosely and tapped packing parameters for void 
fractions.

The results of the sensitivity analysis are presented in Fig. 5. A 
qualitatively similar behavior can be observed considering the two filter 
systems, confirming a moderate influence on the ranking of parameters. 
The concentration of volcanic ash (C) shows the highest values of both 
AMGSA and SDGSA. This indicates that C strongly affects the time to 
clogging, and that the effect is also influenced by the value of the other 
parameters. Similar conclusions can also be drawn considering intake 
velocity (u) and the mean particle size (dp). On the contrary, modest 
values of the absolute mean and of the standard deviation are obtained 
by the sphericity of the particles (ψ), the grain size distribution (σp), and 
the temperature (T), implying that their effects on clogging time are 
respectively less influent and less dependent on the other parameters. 
Thus, these parameters are excluded from the input of the surrogate 
model. This choice is also supported by the high variability and uncer
tainty related to these characteristics of volcanic ashes. Finally, the loose 
packing condition is associated with higher AMGSA and SDGSA than the 
tapped packing case, indicating higher model sensitivity to the input 
parameters in this regime.

Based on the results of the sensitivity analysis, the input parameters 
selected for the surrogate model are the intake velocity (u) of the filter, 
the particle concentration in air (C), and the mean particle size (dp) of 
the ashes.

In the development of the surrogate model, a narrow size distribu
tion of volcanic ash particles is assumed, considering σp equal to 0.0375 
as suggested by Hoffmann and Finkers [49]. This assumption is 

supported by the significant decrease in the grain size distribution 
observed at increasing distances from the eruption site [56,64]. As for 
sphericity (ψ), a conservative approach was adopted, selecting the upper 
bound of the variability range (i.e., 0.8) since it yields the lower values 
of the time to clogging. Similarly, to obtain conservative results, a 
temperature equal to − 30 ◦C is selected for the development of the 
surrogate model.

2.4.2. Development of surrogate model correlations
The second step of the surrogate model development focuses on the 

correlations to calculate the time to clogging. Dependences of filtration 
system parameters and concentrations were thus isolated from the 
model equations. Consequently, the time to clogging can be expressed as 
reported in Eq. (8), where θ is defined by Eq. (9): 

ttc = θ⋅
S⋅(ΔPmax − ΔPi)

A⋅E⋅ 1
ttc− t0

⋅
∫ ttc

t0
C(τ)⋅dτ

− t0 (8) 

θ
(
dp, u

)
=

(1 − e)⋅ρp

(− ΔP/l)⋅u
(9) 

The dependence of θ from dp is implicit in the value of e, ρp, and -ΔP/l 
as indicated in Eqs. (2), 7, and 1 respectively. It is worth mentioning that 
when the concentration of volcanic ashes is constant with time, a 
simplified version of Eq. (8) can be obtained in analogy with those 
presented for the detailed model (see Eq. (5)).

The detailed model was applied to calculate θ in a wide range of 
conditions. Specifically, the input parameters of the surrogate model (i. 
e., dp and u) were uniformly sampled within the variability range 
defined in Table 4. 21 samples for each input parameter were considered 
and combined together to generate a set of input vectors (i.e., 441 
combinations). The combinations were then used to calculate two 
different datasets for θ, each considering respectively the formation of a 
loosely or a tapped packing cake of volcanic ash on the filtration panel. 
As a result, two sets of empirical correlations were developed to assess 
the time to clogging.

The value of θ as a function of the intake velocity is reported in Fig. 6
for different mean particle diameters, considering both the loosely 
(white-filled) and tapped (black-filled) packing of the cake. As can be 
observed, a power law dependence may be used to relate θ to u: 

θ = A⋅uB (10) 

The values of the A and B coefficients in the correlation reported in 
Eq. (10) were calculated considering each particle diameter and packing 

Table 4 
Input parameters considered in the GSA and their assumed variability range.

Variability 
range

Reference

Parameter Min Max

dp [µm] 50 1000 [56]
σp [-] 0 0.69 [49]
ψ [-] 0.5 0.8 [57]
C [µg/m3] 200 4000 [58]
T [ ◦C] − 30 60 To cover almost all environmental conditions
u [m/s] 1.78 4.46 Based on commercially available filtration systems

Table 5 
Characteristics of the filters used in the GSA.

Filter: Filter A Filter B

Class to 
EN779:2012

G4 M6

A [m2] 0.311 0.350
S [m2] 1.8 9
EPM10 [%] 51 77
EPM>50 [%] 100 100
ΔPmax [Pa] 375 450
ΔPi [Pa] ΔPi = 4.771 u2 − 2.527 u+

5.95
ΔPi = 3.344 u2 + 4.014 u+
15.63

Reference [62] [63]

Fig. 5. Results of the GSA for the parameters defined in Table 4 and the filters 
types described in Table 5 considering both the loosely and tapped packing 
parameters for the assessment of the void fraction of the cake.
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condition. The dependence of these parameters was then investigated as 
a function of dp, and the results are reported in Fig. 7.

Specific correlations for A and B as a function of the particle diameter 
were then developed. Regarding parameter A, Fig. 7-a shows a poly
nomial trend with particle diameter for both packing conditions. Spe
cifically, a fourth-degree polynomial was chosen for the correlation, as 
reported in Eq. (11), providing a reasonable trade-off between the ac
curacy of the fit and the number of parameters: 

A = a1⋅dp
4
+ a2⋅dp

3
+ a3⋅dp

2
+ a4⋅dp + a5 (11) 

As for parameter B, a power law provided the best correlation be
tween the data and the particle diameter, as reported in Eq. (12). In this 
case as well, two distinct sets of parameters were evaluated based on the 
packing conditions of the cake. Although the values appear very similar 
in Fig. 7-b considering loosely and tapped conditions, parameter B 
represents the exponent in Eq. (10), thus exerting a significant influence 
on the final θ value even in front of limited variations of B. 

B = b1⋅dp
b2 (12) 

Table 6 provides the fitting coefficients to be used in Eqs. (11) and 
(12) to calculate the final θ value according to Eq. (10).

2.4.3. Validation of the surrogate model
Fig. 8 compares the results obtained by the detailed (data points) and 

surrogate (dotted lines) models. Specifically, Fig. 8 reports the θ value as 
a function of the intake velocity for different particle diameters 
considering both the loosely (panel a) and tapped (panel b) packing 
conditions for the volcanic ash cake. As can be seen from the examples 

reported in the figure, the surrogate model provides a good approxi
mation of the detailed results.

A validation dataset of 2500 entries was considered for the input 
parameters in order to compare the results of the detailed and surrogate 
models. The dataset was built from the combination of 50 equally 
distributed values of dp and u in the variability range defined in Table 4. 

Fig. 6. Trend of θ as a function of the intake velocity u considering different 
values of mean particle size dp and the two extreme packing conditions (loosely 
and tapped) of the volcanic ash filter cake.

Fig. 7. Trends of the correlation parameters A (a) and B (b) with respect to the mean particle size dp considering loosely and tapped conditions for the packing of the 
volcanic ash filter cake.

Table 6 
Values of the best-fit coefficients to be used in Eqs. (11) and (12) considering the 
loosely and the tapped correlation for the cake void fraction.

Fitting parameter Loosely Tapped

a1 8.396E-10 3.956E-10
a2 − 2.410E-06 − 1.184E-06
a3 1.827E-03 9.206E-04
a4 0.1798 0.1076
a5 − 1.469 − 4.618
b1 − 1.655 − 1.585
b2 0.07932 0.08437

Fig. 8. Comparison of the results of the detailed (data points) and surrogate 
(dotted lines) models for both loosely packed (a) and tapped packed (b) fil
ter cakes.
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Fig. 9 shows the parity plot reporting the values of θ calculated using the 
two models.

As shown in Fig. 9, the surrogate model has a satisfactory perfor
mance both in the case of the loosely (panel a) and tapped (panel b) 
packing conditions. The figure also reports three thresholds for the 
relative error (2 %, 5 %, and 15 %). The error is scarcely affected by the 
type of packing considered for ash cake. As shown in the figure, more 
than 60 % of the data points have errors lower than 2 % (green lines in 
Fig. 9), and more than 95 % of the data points have relative errors lower 
than 5 % (yellow lines). A total of 98 % of the data points show relative 
errors lower than 15 % (red lines). However, relative errors exceeding 
15 % are present only when considering very low particle diameters and 
high velocities. These conditions lead to very low values of θ, lower than 
approximately 4 d•μg•m-3•Pa-1 under loosely packed conditions and 
lower than 2 d•μg•m-3•Pa-1 under tapped packing conditions (bottom 
right squares in Fig. 9). Low times to clogging are obtained in this 
condition, thus the absolute error in the assessment of such parameter is 
limited. It should also be remarked that the surrogate model provides a 
conservative estimate of the time to clogging, as it predicts lower values 
of θ (and therefore of ttc) than the detailed model.

Additional indicators used to evaluate the correlation performance of 
the surrogate model are reported in the Supplementary Material.

2.5. Step 3: assessment of system vulnerability to volcanic ash fallout

The time to clogging of filtration systems represents a relevant 
parameter to assess the vulnerability to volcanic ash of critical utilities 
and services, such as process air or instrument air. The model derived for 
the time to clogging was thus coupled to a risk matrix enabling the 
screening of the potential hazard [65,66]. The use of risk matrices is 
broadly recognized in engineering standards (e.g., ISO 17776 [67]) and 
in the scientific literature [68,69] as a useful, practical, simple, trans
parent, and conservative tool to support risk-based decisions. Clearly 
enough, the qualitative risk screening obtained from the matrix 
approach allows the identification of critical equipment requiring a 
detailed risk assessment to prevent discontinuity in operation and/or 
Natech scenarios, addressing both the expected exposure to ash fallout 
phenomena and the consequences of end-point scenarios deriving from 
filter clogging.

The matrix proposed in this study was thus specifically developed to 
support risk screening for volcanic ash-induced filter clogging. The 
matrix is based on the assessment of volcanic ash exposure (VAE) and 

volcanic ash impact (VAI) indexes. The VAE index is defined considering 
three different scenarios, based on the comparison of the ttc with the 
period for which relevant concentrations of volcanic ashes are present at 
the industrial site of interest, tVAE, as shown in Table 7.

The VAI index, addressing the assessment of the potential impact of 
the volcanic ash, was defined considering four scenarios, based on the 
comparison of the ttc with two reference values for the completion of site 
shutdown procedures: the time required for process shutdown, tPSD, and 
the time required for emergency shutdown, tESD. The values assumed for 
the VAI index are summarized in Table 8 together with a description of 
the expected impact.

It should be highlighted that the time required to complete the 
process and emergency shutdown procedures, used to define the VAI, 
depend on the complexity of the plant and are strongly process- and 
plant-specific. Actually, shutdown completion may require times 
ranging from a few hours to several days, as evidenced by Misuri et al. 
[70]. However, such data are usually well-known by the plant manager 
and operators.

Fig. 10 shows the vulnerability matrix defined to assess vulnerability 
to volcanic ash based on the exposure (VAE) and impact (VAI) indexes.

As shown in the figure, five vulnerability categories are defined, 
depending on the clogging probability and on the possible conse
quences, ranging from very low to very high. A very low vulnerability is 
obtained when no clogging occurs or the ttc is higher than the time 
required to complete process shutdown procedures. In such cases, 
continuous monitoring of both the evolution of the volcanic event and 
filter pressure drop can be sufficient, possibly not requiring the actual 
implementation of process shutdown. On the contrary, a very high 
vulnerability is present when the filter clogging probability is high and 
the time to clogging is lower than the time required for the emergency 
shutdown. In these conditions, business interruption is required and 

Fig. 9. Parity plots comparing the θ values obtained from the detailed and the surrogate model obtained considering (a) loosely packing conditions and (b) tapped 
packing conditions.

Table 7 
Definition of the volcanic ash exposure VAE index.

Volcanic ash exposure 
VAE

Range Meaning

LOW (1) tVAE < ttcT Low credibility of clogging 
occurrence

MEDIUM (2) ttcT < tVAE < ttcL Moderate credibility of clogging 
occurrence

HIGH (3) tVAE > ttcL High credibility of clogging 
occurrence
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possible secondary Natech accidents may occur due to the unavailability 
of instrument air, causing the unavailability of critical utility systems.

2.6. Step 4: evaluation of risk associated to filter clogging

For the vulnerable sites and systems identified by the matrix 
screening approach described in Section 2.5, the risk associated to filter 
clogging may be quantified considering the safety implications for plant 
operation. In particular, these may be derived by the comparison of the 
time to clogging to the characteristic times of the shutdown procedures, 
process and emergency shutdown. Clearly enough, if clogging occurs at 
times lower than the emergency or process shutdown, unsafe operation 

scenarios may take place, leading to near miss or accident scenarios. In 
particular, three different regions may be identified: i) an accident/near 
miss region, where time to clogging is lower than the time to emergency 
shutdown; ii) an unsafe process shutdown region, where the time to 
clogging is higher than the time to emergency shutdown but lower than 
the time to process shutdown; and iii) a safe region, where the time to 
clogging is higher than both the time to emergency shutdown and the 
time to process shutdown. A quantitative model for filter clogging has 
thus been developed in order to assess the probability of accident/near 
miss or unsafe shutdown for a specific filter and exposure scenario.

A Monte Carlo (MC) model has thus been developed to assess the 
filter-specific probabilistic clogging probability with respect to time. The 
flowchart of the procedure is reported in Fig. 11. In the MC model, the 
initial pressure drop ΔPi is assumed as a random variable, sampled from 
a distribution spanning from the value corresponding to a new filter to 
the typical replacement threshold adopted at the plant. For each itera
tion, a random ΔPi(iter) is generated, and the corresponding times to 
clogging ttcT(iter) and ttcL(iter) are computed. The clogging probability 
at a given time since the start of the exposure scenario, Pclog(t, iter), for 
the specific iteration iter and time t is then evaluated through Eq. (13): 

Pclog(t, iter) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0 t ≤ ttcT(iter)

t − ttcT(iter)
ttcL(iter) − ttcT(iter)

ttcT(iter) < t < ttcL(iter)

1 t ≥ ttcL(iter)

(13) 

The times to clogging under tapped and loosely packed conditions 
(ttcT and ttcL) are considered as the two limiting bounds of the system 
response, and a uniform distribution of the actual clogging time between 
these two limiting values is assumed. A uniform distribution is also 
assumed for the pressure drop of the filter system ΔPi(iter) at the onset of 
the exposure scenario, reflecting the hours of operation of the filter since 
the last replacement.

After all iterations are performed for a given time, the overall 
probability of clogging P‾clog(t) is obtained as the average value across 
all iterations, as reported in Eq. (14). 

Pclog(t) =
∑Niter

iter=1Pclog(t, iter)
Niter

(14) 

The MC model can be integrated either with the detailed or the 
surrogate model for the calculation of the time to clogging. The choice of 
the model for the ttc calculation does not affect the MC procedure re
ported in Fig. 11, only affecting the input parameters required for the 
definition of the volcanic ash scenario, which must be selected consis
tently with the model selected for time to clogging calculation (see 
Fig. 2). Clearly enough, both constant and time-dependent concentra
tions of volcanic ash particles can be considered in the MC model for the 
quantification of risks due to filter clogging developed in the present 
study.

Table 8 
Definition of the volcanic ash impact VAI index.

Volcanic ash 
impact VAI

Range Meaning

LOW (1) tPSD < ttcT • Compatible with the activation and safe 
completion of process shutdown 
procedures

• Clogging before process shutdown not 
credible

• Business interruption unless backup 
available

MEDIUM (2) tESD < ttcT < tPSD • Compatible with the activation and safe 
completion of emergency shutdown 
procedures

• Clogging before emergency shutdown not 
credible

• Possible issues due to emergency 
shutdown activation

• Business interruption unless backup 
available

HIGH (3) ttcT < tESD < ttcL • Activation of emergency shutdown 
procedures

• Possible clogging during emergency 
shutdown procedures

• Possible lack of utility systems due to filter 
clogging

• Possible issues due to emergency 
shutdown activation

• Business interruption possible even in the 
presence of backup

VERY HIGH (4) ttcL < tESD • Activation of emergency shutdown 
procedures

• Clogging likely during emergency 
shutdown procedures

• Credible lack of utility systems due to filter 
clogging

• Issues in emergency shutdown completion 
due to lack of utility systems

• Business interruption likely even in the 
presence of backup

• Possible development of indirect Natech 
scenarios

Fig. 10. Vulnerability matrix defined for system failures due to the possible unavailability of process and/or instrument air caused by volcanic ashes. VAE and VAI 
indexes are defined in Table 7 and Table 8 respectively.
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3. Test cases

Two test cases addressing significant examples of applications of the 
methodology have been defined to demonstrate its applicability and to 
test model performance under different scenarios. Test bed 1 aims at 
investigating the effects on the time to clogging of the particle size, of 
the ash concentration in air, and of the filtration system characteristics. 
Test bed 2 investigates the effects of the distances from the eruption site 
based on realistic literature data for the concentration and diameter of 
the ashes. Test bed 2 is also used to show the results of the calculation of 
the clogging probability using the MC model developed.

3.1. Test bed 1

Three particle diameters (100 μm, 300 μm, and 800 μm) and three 
concentrations of volcanic ashes dispersed in the air (1000 μg/m3, 2500 
μg/m3, and 4000 μg/m3) have been considered for the calculation of the 
time to clogging. Eight filtration systems are taken into account, and 
their features are described in Table 9. The data included in the table 
concern commercial industrial filtration systems [71] belonging to 

several categories defined by the EN 779:2012 standard [72]. In addi
tion, a parametric analysis is carried out to investigate the influence of 
the concentration and particle diameter on the time to clogging for three 
specific filtration systems, selected to represent the three filter classes 
defined by EN 779:2012: Filter 3 (coarse), Filter 5 (medium), and Filter 8 
(fine).

3.2. Test bed 2

Six exposure scenarios based on realistic data are defined. Table 10
reports the features of the selected scenarios. As evident from the table, 
scenarios from 1 to 4 were obtained considering an average diameter for 
the particles in the range of those evaluated by Pardini et al. [56] in the 
analysis of the volcanic ash atmospheric dispersal process of eruptive 
scenarios. Fig. 12-a shows the concentration curves assumed in the 
analysis of the scenarios. These were adapted from those reported by 
Devenish et al. [73] related to the eruption of the Eyjafjallajökull vol
cano in April 2010, assuming a log-normal distribution of the concen
tration over time. The time durations of the exposure to the ash cloud 
were derived from the data reported by Biass et al. [74].

Two further scenarios (5 and 6 in Table 10) were considered to assess 
the potential long-range impacts of volcanic ashes, using concentration 
data derived from the London Volcanic Ash Advisory Center (VAAC) 
[78] for the eruption of the Krafla volcano (Island) occurred on January 
12th, 2024. Fig. 13 shows the positions of the two industrial sites 
considered in Scenarios 5 and 6. The concentrations considered in the 
analysis of the scenarios are shown in Fig. 12-b.

In all scenarios, the surrogate model was applied for the calculation 
of the time to clogging, accounting for the time dependence of the 
concentration.

For the calculation of the clogging probability by the MC model (Step 
4 in Fig. 2), the initial pressure drops ΔPi are considered to range be
tween the value reported in Table 9 and the replacement value (set equal 
to 90 % of the maximum allowable pressure drops in Table 9). A number 
of iterations equal to 106, a maximum time of exposure equal to 10 d, 
and a time step equal to 0.1 h are considered in the MC model.

4. Results

Fig. 14 shows the results obtained using the surrogate model for the 
time to clogging of the filtration systems included in the first test bed. 
Panels (a) and (b) show the dependence of ttc on the concentration and 
on the specific filtration system considering a particle diameter of 300 
μm. Panels (c) and (d) show the time to clogging calculated considering 
a fixed concentration of 2500 μg/m3. The qualitative trend obtained is 
similar for all the other particle diameters and concentrations consid
ered in the test bed. For the sake of brevity, the complete results ob
tained for test bed 1 are thus reported in Tables S2 and S3 of the 
supplementary material, which also includes a thorough comparison of 
the performance of the surrogate model with respect to the detailed 
model developed in the present study.

As shown in Fig. 14 and in the Supplementary Material, the values 
obtained for ttc range from about six hours to several tens of days. The 
high variability of the ttc is in line with the large variations in the input 

Fig. 11. Flowchart of the Monte Carlo procedure for the calculation of the 
clogging probability as a function of time.

Table 9 
Main parameters of the filtration systems considered in test bed 1. Data from [71].

Filter parameter Filter 1 Filter 2 Filter 3 Filter 4 Filter 5 Filter 6 Filter 7 Filter 8

EN779:2012 class G3 G4 G4 M5 M6 M6 F7 F8
A [m2] 0.3505 0.3114 0.3505 0.3505 0.3505 0.3505 0.3505 0.3505
S [m2] 4 1.8 6 4 6 9 9 9
EPM10 [%] 44 51 48 58 61 77 86 95
EPM>50 [%] 82 100 100 100 100 100 100 100
ΔPmax [Pa] 250 375 250 450 450 450 450 450
ΔPi [Pa] 20 62 50 50 65 80 100 140
Nominal u [m•s-1] 2.5 3.8 2.7 3.2 3.2 3.2 3.2 3.2
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parameters considered in the Test Bed (see Section 3.1).
Fig. 14 allows evaluating the influence of the filtration system on the 

ttc. Filtration systems classified as G according to the EN779:2012 
standard (filters F1-F3) are the most vulnerable to volcanic scenarios, 
exhibiting lower values of the time to clogging compared to higher class 

filters (class M: filters F4-F6, class F: filters F7-F8). This is due to the 
limited allowable differences between maximum and initial pressure 
drops, and to the lower ratio between the filtration area and the intake 
area compared with other filter classes. As shown in Eq. (8), these two 
parameters are critical in calculating the time to clogging. Among all 

Table 10 
Input data used for test bed 2.

Features Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6

Distance from the eruption site [km] 10 20 30 40 1150 1600
Particle diameter dp [μm] 795 379 186 131 50a 50a

Filter system (see Table 9) Filter 2 Filter 2 Filter 2 Filter 2 Filter 2 Filter 4
Time for process shutdown completionb tPSD [h] 36 60 96 108 48 120
Time for emergency shutdown completionb tESD [h] 12 24 48 36 12 60

a Particle diameter assumed as suggested by [56,75-77] considering a relevant distance from the eruption site.
b Adapted from Misuri et al. [70].

Fig. 12. Volcanic ash concentration vs. time assumed for (a) Scenarios 1 to 4, derived from the data reported by Devenish et al. [73]), and (b) Scenarios 5 and 6 
(based on data from the London VAAC [78]).

Fig. 13. Maps of the concentration of volcanic ash as a function of the time assumed in Scenarios 5 and 6 in Table 10. Data adapted from the London VAAC [78].
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filter systems, F2 is particularly vulnerable (see Table 9) as it exhibits the 
lowest filtering area to intake area (S/A) ratio, modest allowable pres
sure drops, and a high nominal intake velocity compared to other filters 
belonging to the same class.

Fig. 15 shows the results of a parametric analysis, providing a 
detailed insight into the variation of the time to clogging as a function of 
the ash particle concentration and particle diameter. In panels (a) and 
(b), the time to clogging is evaluated as a function of the concentration 
of particles in the air. The time to clogging exhibits a sharp decline with 
the increase of the concentration across all filter types and particle di
ameters. As expected, high-performance filters (e.g., Filter 8) show 
higher ttc both considering loosely (Fig. 15-a) and tapped (Fig. 15-b) 
packings.

As shown in Fig. 15-c and d, the higher void fractions of cakes formed 
by larger particles result in an increasing time to clogging with particle 
size, reaching a maximum at diameters of approximately 850 μm. Above 
this value, the obstruction of the cross-sectional flow area caused by the 
particles prevails, causing a slight decrease in the time to clogging for 
increasing particle sizes. Overall, as expected, the more critical scenarios 
for filtration systems are caused by ash clouds with a high concentration 
and small particle diameters.

Fig. 16 shows the results obtained from Scenarios 1 to 4 in Test Bed 2. 
The figure reports both the time to clogging and the concentration vs. 
time curve assumed for each scenario. It should be remarked that the 
same filtering system is considered in all the scenarios to allow a 

significant comparison of the results (see Table 10).
As shown in the figure, in Scenario 1 the filter clogging does not 

occur due to the low concentrations and limited duration of the exposure 
(see Fig. 16-a). In Scenario 2 (Fig. 16-b), clogging occurs after 3.9 days 
when considering a tapped packing, while no clogging occurs if loose 
packing is considered. Since ttcT and ttcL represent extremes in the 
evaluation, this situation highlights a non-negligible vulnerability of the 
system to the volcanic ash scenario considered. Conversely, the time to 
clogging is shorter than the duration of the exposure regardless of the 
packing conditions for Scenarios 3 and 4 (panels c and d in Fig. 16, 
respectively). This indicates that the shutdown of the filtration system is 
required due to the ash load, leading to possible cascading events.

Similar results are obtained when analyzing the last two scenarios 
included in the second test bed, reported in Figure S2 of the Supple
mentary Materials. Scenario 5 presents a ttc value lower than the 
exposure time considering both loosely (ttcL = 20.2 h) and tapped (ttcT =

15.3 h) correlations. In Scenario 6, clogging occurs after about 1 day 
when considering a tapped packing, while no clogging occurs if a loose 
packing is considered, as in the case of Scenario 2.

Fig. 17 shows the results of the vulnerability assessment of the air 
intake systems for the 6 scenarios considered in Test Bed 2. As shown in 
the figure, depending on the scenario and the time required for system 
shutdown, very different vulnerability rankings are obtained. It is worth 
remarking that, depending on the scenario, high values for both the 
Volcanic Ash Exposure VAE and the Volcanic Ash Impact VAI indexes are 

Fig. 14. Results of test cases included in Test Bed 1. Time to clogging calculated for the filtration systems listed in Table 9 considering: (a) three different con
centrations, a particle diameter of 300 μm and the loosely correlation; (b) three different concentrations, a particle diameter of 300 μm and the tapped correlation; (c) 
three different diameters, a concentration of 2500 μg•m-3 and the loosely correlation; and (d) three different diameters, a concentration of 2500 μg•m-3 and the 
tapped correlation.
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obtained, with potentially severe consequences such as the inability to 
safely complete the emergency shutdown and the possible development 
of indirect Natech scenarios caused by the unavailability of utility sys
tems. In Scenarios 3 and 6, it is therefore crucial to carry out a detailed 
assessment of the potential consequences due to the clogging of filtra
tion systems exposed to volcanic ashes and/or to consider the installa
tion of mitigation measures aimed at increasing the availability of 
process and instrument air intake systems.

For the medium and high vulnerability scenarios by the screening 
matrix, Step 4 is applied (see Section 2.6). The results are reported in 
Fig. 18 for Scenarios 2, 3, 4, and 6, each associated with a different VVI 
value according to the matrix in Fig. 17. Scenario 5 is not shown for the 
sake of brevity, as it falls into the same vulnerability class as Scenario 4.

As shown in Fig. 18, the probability of clogging never reaches unity 
in Scenarios 2 and 6. This occurs because the exposure scenario does not 
always cause filter clogging under loosely packed conditions, in line 
with the medium level classification in the VAE index for these sce
narios. Conversely, both loosely and tapped bed clogging is possible in 
Scenarios 3 and 4.

The results reported in Fig. 18 allow the estimation of the proba
bilities of accident/near miss, unsafe process shutdown, and safe oper
ation as a function of the duration of the exposure scenario. As shown in 
the figure, in the case of Scenario 2, the probability of clogging at the 
completion time of the emergency shutdown is always lower than 0.11, 
indicating a limited likelihood of accidents and near misses, while the 

probability of unsafe shutdown (probability that time to clogging is 
between the time for emergency shutdown and time for process shut
down) equals 0.5. The situation is different for Scenarios 3 and 4, where 
the probability of accident/near miss is as high as 0.93 and 0.38, 
respectively. Finally, the probability of clogging has already reached its 
maximum (about 0.6) before the time at which shutdown is completed 
in Scenario 6, considering both emergency process procedures.

5. Discussion

A preventive maintenance approach is conventionally applied to air 
filtration systems, based on monitoring, periodic inspection, testing, and 
replacement based on recommended operating limits to ensure 
compliance with standards and process specifications [79,80]. When 
filters are embedded in safety-critical systems, their failure is considered 
within general hazard-identification methods (e.g., Hazard and Opera
bility analysis), and protective systems are provided to mitigate the 
consequences. However, to date, no specific method is applied in current 
industrial practice to assess the vulnerability of filters in case anomalous 
concentrations of solid particles are present for a prolonged time. 
Documented volcanic ash scenarios evidenced the vulnerability of 
filtration systems exposed to extreme environmental conditions. For 
example, during the 2011 Cordón Caulle volcanic complex eruption, air 
intakes, including backup generator intakes, were clogged at two ther
mal generation facilities, causing power outages in several areas [45]. 

Fig. 15. Time to clogging as a function of the ash particle concentration and particle diameter calculated considering: (a) variable ash particle concentration, loosely 
correlation, particle diameters of 100 μm and 800 μm; (b) variable ash particle concentration, tapped correlation, particle diameters of 100 μm and 800 μm; (c) 
variable ash particle diameters, loosely correlation, particle concentration values of 1000 μg•m-3 and 4000 μg•m-3; (d) variable ash particle diameter, tapped 
correlation, concentration values of 1000 μg•m-3 and 4000 μg•m-3.
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These observations suggest that an approach only based on programmed 
and “on-demand” maintenance is insufficient to prevent business in
terruptions and/or Natech scenarios in case of extreme events, requiring 
a targeted identification of ash-critical systems.

The original approach developed in the present study provides a 
method to screen the hazard due to volcanic ash fallout and to identify 
critical equipment, thus providing a novel tool allowing a systematic 
screening of the potential hazard generated by volcanic ash fallout on 
exposed sites. The results also allow the identification of candidate 
equipment for follow-up quantitative studies. For these systems, the 
methodology developed is used to quantify the risk associated to the 
filter clogging, which can be directly integrated into existing Natech risk 
assessment methods, supporting the implementation of a structured 
approach to prevent Natech scenarios caused by volcanic ash intake in 

air supply systems.
The generalized model for filter clogging by volcanic ash developed 

in the present study accounts for the variability and uncertainty in the 
filter characteristics, ash properties, cake packing conditions, and the 
remaining lifetime of the filter. The surrogate model derived from the 
detailed approach, enabling a more streamlined assessment of the time 
to clogging that relies on fewer input parameters, provides a robust 
method for ttc evaluation suitable for a preliminary assessment of filter 
vulnerability in the early stages of eruption scenarios, when a detailed 
characterization of volcanic ash is not yet available.

The model developed was combined with a scenario-specific 
vulnerability matrix in order to identify critical equipment, screening 
the vulnerability to volcanic ash of process and instrument air intake 
systems. The matrix is based on a quantitative evaluation of volcanic ash 

Fig. 16. Concentration vs. time of ash particles and time to clogging of the filtration system for Scenarios 1 to 4 in Test Bed 2 (see Table 10): (a) Scenario 1; (b) 
Scenario 2; (c) Scenario 3; (d) Scenario 4. Solid filling shows the results obtained considering the loosely packing correlation (ttcL). Striped filling shows the results 
obtained considering the tapped packing case (ttcT).

Fig. 17. Results of the vulnerability ranking for the scenarios considered in Test Bed 2.
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exposure and impact for a specific scenario, allowing a robust vulnera
bility ranking of process and instrument air intake systems in the case of 
exposure to volcanic ash clouds. This effectively supports screening 
methodologies in identifying equipment items or sites requiring a 
detailed risk assessment or the introduction of mitigation measures to 
increase the availability of air intake systems, without imposing un
necessary burden on routine risk management processes. Even if the 
matrix developed provides a simplified semi-quantitative approach, it is 
widely recognized as an adequate tool to support decision-making and 
to strengthen plant-level operational safety, especially in emergency 
management contexts that require rapid response. Although specifically 
developed for open-air filtration systems, the matrix can also be applied 
to other natural hazards causing high concentrations of particulate in 
air, for example, wildfire ash [81] and sand/dust storms [82].

As a follow-up to the matrix, a Monte Carlo-based model has been 
developed to quantify the risk due to filter clogging as a function of time 
for the vulnerable systems identified by the screening approach. The 
resulting time-dependent clogging probability curves can be used to 
identify operational regions with distinct safety implications. In addi
tion, clogging probabilities can be directly integrated into existing 
Natech risk assessment frameworks, allowing the extension of the multi- 
hazard assessment of Natech scenarios to the scenarios arising from 
volcanic ash. Clearly enough, alternative approaches can be developed 
to further extend the risk assessment and management related to vol
canic ash within a QRA framework. Options include, among others, 
Bayesian Network methods, dynamic approaches, or methodologies 
based on demand and capacity modelling, widely applied in similar 

contexts [14,83-86].
The application of the novel methodology developed to Test Bed 1 

provided relevant information concerning the vulnerability of the 
different categories of filters to volcanic ash. In particular, coarse filters 
(i.e., class G) resulted in the more vulnerable category to clogging, fol
lowed by medium filters (i.e., class M) and fine filters (i.e., class F). This 
derives from the features of the filtration systems belonging to the 
different categories considered, with coarse filters typically having 
modest allowable maximum pressure drops and lower ratios between 
the filtration area and the intake area. However, it should be remarked 
that in most industrial applications, filters are combined in high- 
performance multilayer filtration systems, with coarse filter panels 
typically serving as the first filtration layer in contact with the intake air 
[87]. Since the vulnerability to clogging mostly depends on the char
acteristics of the first filtration panel, multilayer filtration systems may 
show a specific vulnerability to volcanic ash exposure.

The results of the assessment of the scenarios included in Test Bed 2, 
based on realistic data for particle concentration and diameter at 
different distances from an eruption site, evidence that the hazard 
caused by volcanic ashes is not specifically dependent on the distance 
from the eruption site. On the contrary, the data obtained from actual 
eruptions show that the hazard initially increases with distance. This 
results from the deposition of the particles with larger diameters, which 
significantly decreases the airborne concentration with distance, 
causing the formation of cakes of smaller particles with higher specific 
pressure drops. This initially offsets the effect of the decrease in ash 
concentration, causing a decrease in the ttc.

Fig. 18. Clogging probability as a function of time and comparison with time for completion of emergency and process shutdown for (a) Scenario 2, (b) Scenario 3, 
(c) Scenario 4, and (d) Scenario 6 defined in Test Bed 2.
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The results show that the models developed for the time to clogging 
of filtration systems allow a thorough characterization of the vulnera
bility of critical utilities to volcanic ashes. In order to predict the time to 
clogging, both the detailed and the surrogate models consider two 
extreme conditions of the void fraction of the filter cake (loosely packing 
and tapped packing, see Sections 2.3.2 and 2.4.2), thus providing a 
credible time range for filter clogging. In applications where a single 
representative ttc is required, the adoption of the value corresponding to 
the tapped packing condition is suggested, since continuous airflow and 
vibrations induced by the blowers cause particle movements and reduce 
the cake void fraction. The tapped value of the ttc thus represents both 
the more representative condition for plant operation and the worst-case 
scenario, providing a conservative basis for decision-making on the safe 
side.

The overall approach developed may also be applied to real-time 
assessments during an ongoing volcanic event. In case specific infor
mation is available from a volcanic observatory (e.g., an alert for vol
canic activity is issued [88]) and a volcanic ash forecast is provided, the 
ttc and specific scenario vulnerability can be assessed, providing a rapid 
but technically sound assessment of time to clogging that may support 
decision-making at the site, aiming at preventing indirect Natech sce
narios and at minimizing downtime periods and economic losses. The 
application of the developed methodology can significantly enhance the 
resilience of industrial installations by improving monitoring and 
anticipatory capabilities through an engineered approach. The evalua
tion of the time to clogging and volcanic ash vulnerability includes all 
the characteristics of effective monitoring indicators (e.g., objective, 
quantitative, and available [89]), suitable to detect early signs of 
changing conditions.

6. Conclusions

An innovative methodology was developed to calculate the time to 
clogging of filtration systems exposed to volcanic ash. The methodology 
has been integrated into a quantitative approach to assess the scenario- 
specific vulnerability of industrial air intake systems and the risk asso
ciated to filter clogging. The results obtained show that the time to 
clogging of industrial filters exposed to volcanic ash may vary from a few 
hours to several days, depending on filter characteristics and the expo
sure scenario. In this sense, test bed 1 resulted in a time to clogging 
ranging from 6 h to over 1 month. Moreover, the more critical effects are 
not monotonically decreasing with the distance from the eruption site. 
Actually, the decrease in particle concentration is more than compen
sated by the higher specific pressure drops caused by filter cakes formed 
by smaller particles up to relevant distances from the site of the eruption. 
This is evident comparing scenario 1 and 3 in test bed 2, where the in
crease in the distance led the volcanic ash vulnerability index to move 
from very low (VVI = 1) to very high (VVI = 9), the latter featuring a 
probability of 0.93 to evolve into an accident/near miss. Therefore, the 
results obtained highlight the importance of a specific screening of the 
hazards due to volcanic ashes for industrial sites potentially affected by 
volcanic ash clouds. Overall, the approach developed provides a 
comprehensive tool for vulnerability screening and assessment of the 
risk associated to volcanic ash fallout scenarios, supporting both Natech 
risk assessment studies and the real-time screening of the hazard posed 
by specific exposure scenarios.
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