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Wildfires approaching the Wildland-Industrial Interfaces can be a serious threat for industrial items located at
the plant boundary. These items are typically storage tanks involving large amounts of hazardous substances.
Ensuring their integrity is of paramount importance to prevent the wildfire spread inside the industrial plant,
avoiding the occurrence of major accidents such as fires, explosions and toxic releases. A methodology for the
evaluation of safety distances between tanks and vegetation for the protection from wildfire hazard was
developed and applied to a case study. The outcomes provide useful information for an effective emergency
response planning in the case of wildfire. Moreover, the results obtained rise concern about the appropriateness
of clearance areas between the vegetation and industrial areas currently adopted.

1. Introduction

Climate change and global warming are lengthening hot and dry seasons, making weather conditions around
the world increasingly favourable to the development and spread of wildfires (Flannigan et al., 2016). In recent
years, a large number of extreme wildfires occurred, such as those observed in Mediterranean Europe (Viegas
et al., 2017), Australia (Kwai, 2019) and California (Healy et al., 2020). This kind of events represents a serious
threat for the population living at the Wildland-Urban Interface (WUI) as well as for industrial facilities and
infrastructures built in the proximity of wildland areas, in this case usually referred to as Wildland-Industrial
Interface (WII) areas. Moreover, the rapid urbanization and industrialization of rural areas is increasing the
extension of the WUI and WII (Wigtil et al., 2016), rising concern about the wildfire issue.

Ensuring safety of people and assets in these scenarios is a challenging task, due to the large scale and
complexity of the phenomena involved, and requires understanding wildfire behaviour in the proximity of WUI
and WII as well as knowledge of how structures respond to fire exposure.

In the last decade, the attention of researchers focused mainly on the WUI (Pastor et al., 2019) and only recently
it is moving also towards the WIl (Khakzad, 2019). The WII is often characterized by the presence of bulk
storages of hazardous substances. Atmospheric and pressurized tanks are typically located at plant boundary,
thus resulting the most exposed targets in case of wildfires in the plant surroundings. An experimental and
numerical study of the response of pressure tanks exposed to a wildfire front was carried by Scarponi and co-
workers (2018), who showed that, under severe wildfire conditions, the integrity of such pieces of equipment
can be threatened. This may lead to major accidents such as fires, explosions and toxic releases. Similar
conclusions were presented by Scarponi and co-workers (2020), who proposed a methodology for the
assessment of WUI fire scenarios on domestic LPG tanks, based on 3D CFD simulations (Scarponi et. al 2019).
It is clear that preventing failure of storage tanks in case of wildfires is of paramount importance.

In the current industrial practice, this objective is often pursued by the provision of a clearance area in the
surrounding of the tank. However, the dimension of this area, and more specifically the separation distance



between the tank and the vegetation, is often defined applying empirical rules of thumbs (e.g. FireSmart Guideb.
oil gas Ind., 2008) rather than as the result quantitative assessments considering the fire radiation and the
resistance of the structure. Recently, Ricci and co-workers (2021) have developed a methodology aimed at
filling this gap providing a physically sound approach for the evaluation of safety distances for industrial tanks
at the WII is presented. The methodology is based on the characterization of the wildfire in terms of flame
geometry, flame emissive power and fire residence time, and makes use of specific vulnerability models for the
assessment of the response of storage tanks to fire exposure. In the present work, the use of the methodology
is demonstrated through the analysis of a case study, representative of a real tank farm surrounded by a forest.
Values of safety distances obtained from the application of the methodology are compared with the dimension
of existing clearance areas to assess the appropriateness of the latter. Furthermore, a vulnerability ranking is
obtained, that allows identifying which items in the tank farm may require the application of further safety
measures, such as the installation of thermal protection systems and other typologies of fire safety barriers, and
to prioritize the intervention of emergency response teams. More in general, the outcomes of the present study
may provide useful information for an effective emergency response planning in the case of wildfire.

2. Methodology

The methodology for the definition of safety distances between storage tanks and vegetation provided by Ricci
and co-worker (2021) consists of 4 steps: (a) wildfire characterization, (b) calculation of the incident radiation,
(c) evaluation of the time to failure of tanks and (d) definition of safety distance. Main features of each step are
described in the following.

2.1 Wildfire characterization

Anthropic structures can be affected by the heat load generated by a wildfire front due to convection and thermal
radiation (Zarate et al., 2008). Nevertheless, convection can be disregarded when direct contact between flames
and target is unlikely. This is the case of tanks inside industrial plants since they are usually surrounded by a
clearance area. Therefore, the heat transfer between the fire and tanks can be calculated using the solid flame
model approach (Eisenberg et al., 1975), in which the flame is modelled as a solid body with defined shape,
dimensions and emissive power E. Figure 1 shows a wildfire front approaching an industrial site (panel a) and
its representation under the solid flame model assumption (panel b): a flat plane of dimension L x Wk (flame
length and fire front width respectively), inclined by a tilt angle 6 with respect to the ground.

According to specialized literature (Zarate et al., 2008), the flame length L for crown fires can vary between 2.5
and 3.5 times the height of the trees. Thus, as a conservative choice, the upper value is considered. The fire
front width W depends, among other variables, on the terrain morphology, the distribution of the vegetation and
the way the fire spreads. This makes it difficult to perform a general estimate of such parameter. For this reason,
the conservative assumption of an infinite fire front is made. The flame tilt angle 6 is strongly affected by wind
speed, which is very case specific and may vary considerably during a wildfire event. Therefore, staying again
on the conservative side, the tilt angle maximizing the view factor (and therefore the incident radiation) is
considered. This value changes as a function of the fire-target distance and height of the trees.

Figure 1: Panel a) Representation of the wildfire approaching an industrial site. Panel b) Scheme of the flame
shape and geometrical parameter used to model the fire scenario.

The fire front emissive power is calculated using the Stefan-Boltzmann law reported in Eq. 1, where E is the
emissive power (W/m?), g is the emissivity of the flames, Tris the flame temperature (K) and o is the Stefan-
Boltzmann constant (5.67 108 W-m?2-K#). Thus, following the approach by Billaud et al. (2011), the fire is
conservatively modelled as a black body (& = 1) with a flame temperature of 1200 K.

E=£f'U'Tf4 (1)



2.2 Calculation of the incident radiation
Under the solid flame assumption, the incident radiation to the tank surface can be calculated using Eq. 2:
I =E " Fyiew " Tq (2)

where [ is the incident radiation (W/m?), 7. is the atmospheric transmissivity (set to 1 as conservative
assumption) and Fuiew is the view factor between the tank and the flame. This is calculated using the method
proposed by Mudan (1987), in accordance with the flame shape defined in the previous section (see Figure 1b).

2.3 Evaluation of the time to failure of tanks

The time to failure TTF of tanks exposed to distant source of radiation can be calculated according to the
correlations developed by Landucci and co-workers (2009). They differ according to whether the tank is an
atmospheric (Eq. 3) or a pressurized one (Eq. 4) and allow to calculate the time to failure TTF (s) given the
incident radiation onto the tank surface / (kw/m?) and the volume of the tank V (m3).

InTTFyem = —1.13-In1 —2.67-1075-V + 9.9 (3)

INTTE, 55 = —0.95 - In — 8.845 - V0032 @

It is important to remark that these correlations do not consider protections or shielding effects and therefore
provide a conservative value of the time to failure.

2.4 Definition of safety distances

The evaluation of the safety distances passes through the definition of a reference time RT, which is compared
with the time to failure TTF of the tanks. This value is defined as the minimum between the exposure time to the
wildfire front te and the maximum response time of emergency teams in the plant considered t, as shown in Eq. 5.

RT = min(t,, t;) (5)

The exposure time is strongly related to the fire residence time and spread rate, both depending on site-specific
variables and weather conditions. Based on the indication of experienced firefighters, 15 minutes is a credible
and conservative estimate of the exposure time to wildfires for a target placed at the forest edge.

The response time of emergency teams t- depends on the industrial site being considered and should be readily
available. Alternatively, a plausible estimate of its value can be done based on experience, guidelines and
technical standards. Once RT has been estimated comparing the exposure time and the residence time, the
safety distance is identified as the minimum value of distance that satisfies the following condition:

TTF < RT (6)

3. Case study

With the aim of demonstrating the use of the methodology and discuss the appropriateness of currently adopted
separation distances between storage tanks and vegetation, a case study was defined. This was inspired to a
real refinery tank farm placed at the edge of the Amazon rainforest, a few kilometers from the Pacific coast (the
specific geographic coordinates are omitted for the sake of confidentiality).

The layout of the tank farm is reported in Figure 2. The facility is mostly surrounded by the forest (green area).
According to the NASA Jet Propulsion Laboratory (2015), the height of the trees in the region where the refinery
is placed is around 15 meters. This value was assumed for the vegetation height in the case study.

The tank farm contains 22 among atmospheric and pressurized storage tanks, the main features of which are
reported in Table 1.

Table 1: Main features of tanks considered in the case study.

Tank ID Type of tank Diameter (m) Height/Length (m)  Volume (m3)
1,5,11,12 Atmospheric 40 10 12566

2,3, 21 Atmospheric 40 8 10053

4,6 Atmospheric 60 6 16965
7,8,9 Pressurized 5 8 223

10, 18, 19, 20 Atmospheric 30 8 5655

13, 14 Atmospheric 50 4 7854

15, 16, 17 Pressurized 3 12 99

22 Atmospheric 14 12 1847
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Figure 2: Layout of the tank farm considered as case study. Green areas represent the forest.

4. Results and Discussion

Figure 3 shows the time to failure calculated as function of the distance for all the tanks considered in the case-
study, listed in Table 1. The time to failure was calculated according to Eq. 3 and Eq. 4 for atmospheric (black
lines) and pressurized (red lines) tanks respectively. The figure points out that atmospheric tanks are more
vulnerable to wildfire with respect to pressurized ones. In fact, the higher values of time to failure were obtained
for tanks in this latter category. Focusing on atmospheric tanks, those featuring higher volumes present shorter
time to failure. The opposite is true for pressurized tanks, with higher time to failure for smaller volumes.
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Figure 3: Time to failure as function of the type and volume of the tank.

As described in Section 2.4, time to failure must be compared with a reference time in order to evaluate the
safety distance. Here, two different values of reference time were considered: 5 and 15 minutes. The first one
is representative of the response time of emergency teams in the industrial sites, while the second one is the
maximum exposure time to the wildfire front (see Section 2.4). Table 2 reports the values of safety distances
calculated from the time to failure curves shown in Figure 3. Clearly enough, atmospheric storage tanks require
higher safety distances than pressurized ones, as they result in lower time to failure. Analyzing the data in Table
2, it is possible to note the strong influence of the reference time chosen on the resulting safety distances. In
fact, the higher the reference time, the higher the safety distance required to ensure tank integrity in case of
wildfire.



Table 2: Safety distances of the tanks considered in the case study.

Tank ID Type of tank Safety Distance (m) Safety Distance (m)
with RT=5 min with RT=15 min

1,5,11,12 Atmospheric 105 270

2,3,21 Atmospheric 100 254

4,6 Atmospheric 116 299

7,8,9 Pressurized No failure 69

10, 18, 19, 20 Atmospheric 91 230

13, 14 Atmospheric 95 242

15, 16, 17 Pressurized No failure 87

22 Atmospheric 84 210

Safety distances obtained through the application of the procedure presented in Section 2 can be compared
with the existing clearance areas between vegetation and tanks present in the facility taken as reference in the
case study. This is done in Figure 4, in which safety distances reported in Table 2 are overlapped with the plant
layout, considering both the reference time of 5 min (red line) and 15 min (yellow line).

When a reference time of 5 minutes is considered, existing clearance areas appear adequate to ensure tank
integrity only for part of the tanks. The situation appears even worse is the case of safety distance obtained
assuming a reference time of 15 minutes. This means that, in this latter case, the integrity of most of the tanks
might be affected by the wildfire, with the only exception of tank number 18 and of pressurized tanks. It is
therefore demonstrated that actual clearance areas are not sufficient to ensure tanks integrity and avoid the
escalation of the wildfire to major accidents inside the plant considered for the analysis. Therefore, measures
should be taken in order to protect the tanks that are more prone to failure in the case of a wildfire approaching
the plant, such as the installation of fireproofing systems and other typologies of fire safety barrier.
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Figure 4: Panel a) Representation of the safety distances in the layout. Panel b) Ranking of tanks based on the
vulnerability to the wildfire scenario (safe tanks with both reference times are not shown in the figure).

Using an approach similar to the one at the base of the methodology presented above it is also possible to
identify the most vulnerable items. This is done by calculating the time to failure of each tank considering the
actual minimum distance from the vegetation according to the plant layout. Thus, a vulnerability ranking is
obtained by sorting the tanks according to the values of TTF (from lowest to highest), as shown in Figure 4b. In
the case study under analysis, tanks 21, 3, and 4 resulted to be the most vulnerable ones. This information may
be used to support decision makers in identifying the items requiring more protection and prioritize intervention
such as fire safety barriers installation. These measures aim at increasing the time to failure in case of fire
exposure, making them less vulnerable. At the same time, the vulnerability ranking can support the definition of
a more effective emergency response plan in the case of wildfire: the intervention of the emergency teams can
be prioritized towards the most vulnerable tanks, reducing the response time and decreasing escalation risk.



5. Conclusions

Wildfires approaching the Wildland-Industrial Interfaces may represent a serious threat for industrial items
located at the plant boundary. Ensuring the integrity of such items in case of wildfire is of paramount importance.
In the present work, a methodology for the evaluation of safety distances for atmospheric tanks and pressurized
vessels was presented and applied to a case study inspired to a real tank farm. Results obtained in the case
under analysis highlight that actual clearance areas are not sufficient to avoid the spreading of wildfire inside
the industrial plant. This rises concern about the appropriateness of distances used in the current practice.
Finally, it was shown how the approach at the base of the methodology can be used to obtain a vulnerability
ranking, allowing to identify which tanks require the application of further safety measures and to prioritize the
intervention of emergency response teams.
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