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Abstract

Each part of the fire safety solution for buildings has its justified
and irreplaceable importance. Especially nowadays, when new
advances in technology make it possible to build new buildings
that are not only superior in their design. These buildings are being
built ever closer together, affecting their construction in terms of
fire safety. The purpose of the use of the buildings, their height,
and their distance from other buildings are factors that directly
affect them. The article deals with the solution of the fire hazard
area of the selected building. This problem is solved in two ways,
namely, by a prescriptive approach using STN 92 0201 - 4 and by
using the modelling tool PyroSim. Specifically, this paper contains
the second part of the problem solution, namely a description of
the determination of spacing distances using the PyroSim modelling
tool. This article aims to highlight the differences arising in
the determination of the spacing distances in the modelling tool
for the different methods of modelling the space and determining
the spacing distances, and the subsequent comparison with
the results from the calculations.

Keywords

Fire hazardous area of buildings, modelling tool, PyroSim,
prescriptive approach.
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Abstrakt

Kazda cast’ rieSenia protipoziarnej bezpecnosti stavieb ma svoj
opodstatneny a nenahraditelny vyznam. Najmi v dnesnej dobe,
kedy novy pokrok v technolégiach umoznuje vystavbu novych
objektov, ktoré sa predchadzaju nie len svojim vyhotoveni. Tieto
stavby su stavané Coraz blizsie k sebe, ¢o ovplyviuje ich vystavbu
aj v ramci protipoziarnej bezpe¢nosti. Ugel uZivania stavieb, ich
vyska, vzdialenost’ od inych stavieb su faktory, ktoré ich priamo
ovplyviuja. Clanok sa zaobera rieSenim poziarne nebezpe&ného
priestoru vybranej stavby. Tato problematika je rieSend dvomi
spdsobmi, a to preskriptivnym pristupom pomocou STN 92 0201
- 4 a pomocou modelovacieho nastroja PyroSim. Konkrétne tento
¢lanok obsahuje druhtl Cast rieSenia problému a to popis urcenia
odstupovych vzdialenosti pomocou modelovacicho néastroju
PyroSim. Ciel'om tohto ¢lanku je poukazat’ na rozdiely vzniknuté
pri uréovani odstupovych vzdialenosti v modelovacom nastroji pri
roéznych spésoboch modelovania priestoru a ur¢ovania odstupovych
vzdialenosti, a nasledné porovnanie s vysledkami z vypoctov.

KPuacové slova
Poziarne nebezpecny priestor stavieb, modelovaci nastroj,
PyroSim, preskriptivny pristup.

Introduction

Building fire safety is the ability of structures to resist and
prevent damage to health and loss of life to people, animals
and property in the event of fire. To be able to implement
the construction, it is necessary that all the requirements for fire
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Fig. 1 PyroSim programme
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safety of the construction, which are specified in the design,
documentation, and fire safety of the construction, are met.
To analyse the issue of fire safety solutions for buildings in
Slovakia, generally applicable legislation and Slovak technical
standards (hereinafter referred to as "STN") are used. STNs are not
legally binding, but their wording is mandatory if an implementing
regulation refers to STNG. [1, 2]

There is currently no way to 100% predict fire behaviour and
its effects on buildings, but it is possible to estimate them using
available tools. Such tools include fire models. Fire models
are a technology that allows the simulation of fires, especially
in confined spaces. Thanks to this technology, we can predict
the behaviour and progression of fires, thereby effectively combating
their occurrence and thereby eliminating property damage and,
in particular, protecting the lives and health of the occupants of
these structures. However, the implementation of fire models
in practice is still unknown from the point of view of fire safety
solutions for buildings, and for their application, it is sufficient
to establish boundary conditions in individual areas of fire safety
solutions for buildings under which they would give similar results
as the prescriptive approach.

This paper aims to determine the spacing distances for
a selected fire compartment of a flat using the PyroSim modelling
tool, highlight the differences arising in the determination of
spacing distances for different methods of modelling the selected
compartment, and then compare them with the results from
simulations.

Methodology

Fire models are designed fires based on a limited area of
application of specific physical parameters, which are used for
designing fire safety of buildings, assessing the possibility of
evacuation of objects, creating designs of devices for the removal
of heat and combustion products, investigating the causes of fires
and its course [3].

PyroSim is a graphical user interface for the FDS, which is
integrated into PyroSim together with the Smokeview visualization
program. This system provides immediate input feedback and
the correct format for the FDS. PyroSim offers geometry generation
functions in 2D and 3D views. Within the geometry, it is possible to
create objects, group them, replicate them or display them flexibly.
PyroSim allows you to import and export FDS files, which checks
the accuracy of the data. PyroSim also allows you to import some
types of AutoCAD file formats, within which individual program
geometries are represented as guidelines or obstacles. A view of the
PyroSim program can be found in Fig. 1 [4].

The basis of space modelling in PyroSim is the creation
of a Computational Mesh. A computational mesh consists of
computational cells, in which we define the dimension of Heat
transfer, fire and combustion products calculations are performed
individually in these cells and simultaneously in the whole
computational mesh at the same time to obtain the most accurate
results and visualizations [4].

To create the space, the Materials that will be used in its creation
must first be defined. PyroSim offers the possibility to create
a solid material or a liquid fuel. When defining a solid material
it is necessary to know its Density (kg.m?), Specific Heat
(kJ.kg'.K1), Conductivity (W.m.K"), Emissivity (-) and Absorption
Coefficient (m™). Based on the definition of the materials, Surfaces
can be created, which are assigned to individual structures in
the building. Surfaces are assigned to individual objects that are
created in the program or to parts of the Computational Mesh.
Surfaces assign properties to objects that make them capable of,
for example, absorbing heat. For Computational Grids, Surfaces
can change their properties to one of the objects or to an external
space where combustion products can escape during a fire. Using

Surfaces, fires can also be defined in PyroSim. Specifically, by using
the Surface Burner, the program defines the Heat Release Rate per
unit area to determine the fire at the selected location. Objects of
the fire area, such as walls, furniture, and objects, are defined using
Obstructions. In PyroSim, it is possible to create block objects, so
it is necessary to imagine a complex object as a union of several
blocks. An example of creating such an object using blocks is shown
in Fig. 2. Holes, which are used to create openings in structures
to replace windows or doors, also count as objects. Furthermore,
Devices (Devices) can be created in PyroSim, which are used to
measure arbitrary fire parameters such as temperature, time, heat
release rate, etc. [4].

Fig. 2 Example of an object in the fire area made of blocks

In PyroSim it is also possible to measure distances. These are
measured using a Plane (Slice), which is placed horizontally on one
of the x, y or z axis. Next, the quantity to be measured is determined,
i.e. the Heat Flux Density, whose critical value for measuring
the fire hazardous area is 18.5 kW.m™. An example of the creation
of the Plane and the measurement of the spacing distance is shown
in Fig. 3 [4].

U
(kW/m2)

Fig. 3 Distance measurement using the Plane

Solving spacing distances in PyroSim

The selected area for the detection and comparison of spacing
distances was the fire compartment of the flat. The apartment
consisted of a living room connected to the kitchen and dining
room, a bedroom, a bathroom with a toilet, a storage room and
acorridor. The apartment had 3 windows, one located in the bedroom,
and the other two in the living room with the kitchen. Fig. 4 shows
the floor plan of the apartment with the elevations important for
the correct determination of the setback distances using calculations
and simulations.
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Fig. 4 Floor plan of the apartment

In PyroSim, spacing distances were handled in two ways.
The first way was to model the entire flat in PyroSim, define
the fires and then track the spacing distances. The second method
was simplified since the apartment fire was assigned to a small area
that burned and then the spacing distances were tracked.

Spacing distances by modelling the entire apartment

Within this method, a computational mesh with dimensions
of 10 x 13 x 2.5 m was first modelled. The cells of the computational
grid were set to a size of 0.25 x 0.25 x 0.25 m. Subsequently,
5 materials were created, which are listed in Tab. 1 along with
their properties. These materials were selected from the available
PyroSim database.

Tab. 1 Materials and their properties

Material Density | Specific Heat | Conductivity | Emissivity ig:;gggz:l
(kg.m?) | (kJ.kg'K?") (W.m'.K") ) (m™)
Concrete 2280 1,04 1,8 0,9 0,0005
Foam 28 1,7 0,05 0,9 0,0005
Plastic 1380 1 0,1 0,95 0,0005
Wood 450 1 0,1 0,9 0,0005
Fabric 100 1 0,1 0,9 0,0005

Subsequently, these materials were used to create the surfaces
described in Tab. 2.

Tab. 2 Surfaces and their description

Surface Thickness (m) | Composition Pattern
Wall 0,1 Concrete 100%
Firniture 0,1 Wood 100% -
. 0.1 Foam 90%
Fabric 10%
Carpet 0,01 Fabric 100% e~
TV 0.1 Plastic 100% -

The fire area was then created, individual rooms with the same
dimensions as those used in the calculation of the spacing distances
in the calculations according to the standard. Also, the bedroom

and living room rooms were furnished as they contained the most
combustible materials. A bed, two bedside tables and a wardrobe
were created in the bedroom area. In the living room, a sofa, coffee
table, cabinets, television and carpet were created. The furnishings
for these two rooms were selected based on the floor plan and the
defined fire, which will be described below. The modelled space of
the living room is shown in Fig. 5 and the bedroom in Fig. 6.

Fig. 5 Living room space in PyroSim

Fig. 6 Bedroom space in PyroSim

The next step was to define the fire. The fire was created
using the Burner surface, which was defined using the values of
the heat release rate over time. The individual values of heat release
rates over time were selected from the Catalogue of Heat Release
Rates, which comes from the Czech Technical University in
Prague [5]. The living room and bedroom fires were selected from
the fire catalogue. In the living room, there should have been a sofa,
cabinets, a coffee table, a television and a carpet. In the bedroom,
it was to be a bed, two bedside tables and a wardrobe. The apartment
was also furnished in the simulation based on these furnishings.
As the fires covered the whole room, the fires were assigned to
the floor of the room. The heat release rates for each room can be
found in Appendix A. Next, Plans were created that were used to
measure spacing distances. Three planes were created, each plane
was drawn through the centre of the window in the vertical direction.
The planes were set up to measure the Heat Flux Density parameter.
The last step was to set the simulation parameters, which remained
at the default values of the program. The simulation length was set
to 767 s. Since the living room fire lasted 767 s and the bedroom
fire lasted only 43 s, the simulation length was set according to
the living room fire.

Spacing distances in a simplified way

In a simplified way, two simulations were created in PyroSim.
One simulation focused on the fire separation distance for
abedroom fire, the other for a living room fire, thus the fire separation
distances were considered separately for each room. Computational
grids were first created in PyroSim. The computational grids
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had dimensions of 20 x 5 x 5 m. The sizes of the computational
cells were set to 0.1 x 0.1 x 0.1 m, so they were smaller than in
the first simulation, these simulations were simpler and because of
the greater accuracy of the calculations, this was more appropriate.
The next step was to create the Fire Surface. In each simulation, one
surface was created to represent the living room or bedroom fire.
The fires were defined based on the Heat Release Rates over time
in Appendix A. An Opening was then created and assigned a fire
surface fill. This opening had the same dimensions as the windows
in the original design. The opening was placed in the centre of
the wall with dimensions of 5 x 5 m. Subsequently, Planes were
created to measure the spacing distances with the recording of
the Heat Flux Density parameter. The planes were drawn through
the centre of the windows in a vertical direction. Subsequently,
the parameters of the fire area were set, which remained at
the predefined values of the program. The simulation length for
the living room fire was 45 s, and the simulation length for
the bedroom fire was 767 s. Fig. 7 shows the simulation space of
the living room fire in a simplified manner.

Fig. 7 Living room fire simulation space in a simplified way

Results and Conclusion

Based on individual calculations and simulations, the results of
spacing distances for the fire section of the apartment, specifically
for its 3 windows, were obtained. The spacing distances according
to STN 92 0201 - 4 were obtained by calculation. The spacing
distances from PyroSim had to be obtained by subtracting
the spacing distance from the graphical results of the simulations.
A description of the calculations according to STN 92 0201 - 4 is
not the subject of this article, but the individual results are given in
the article. The values of the spacing distances from the calculations
and the simulations can be found in Tab. 3.

Tab. 3 Values of separation distances

Separation
Room distances (m)
e | Living room 2,1
£ | Simplified method
€ Bedroom 1,5
E ) . . Living room 0,3
& | Simulation of the entire flat
Bedroom 0,3
. ) Living room 4,4
Tight window borders
According Bedroom 4,7
2| ©©Tab-3 | yeight 4 is the height | Living room 1,1
=]
< of the space Bedroom 3.4
; . ) Living room 4.5
< Tight window borders
© According Bedroom 59
t0Tab-6 | yeight j is the height | Living room 0.8
of the space Bedroom 4

As can be seen, the results for the spacing distances
in the whole flat simulation are very small, while in the simplified
method they are several times larger. This fact was because,
in the simulation of the whole apartment, the fire was determined
by the floor of the apartment, thus the heat itself and the observed
heat flux density parameter did not have sufficient intensity to
get through the window out of the room, the fire compartment.
In the simplified method, the fire was assigned to the window itself,
hence the observed heat flux density parameter radiated directly to
the outside environment and therefore the spacing distance recorded
was greater. In the simulations, it would be more appropriate to
use the simplified method of simulating the spacing distances,
as the time spent on simulating the fire area is saved, but the spacing
distances come out larger, hence they are on the safety side.

When solving spacing distances using calculations according
to STN 92 0201 - 4, it can be seen that the greater the proportion
of fire open areas to the area of the perimeter wall, the greater
the spacing distance. Therefore, it is on the side of safety that
the area of the perimeter structure in which the fire open areas are
located should be as small as possible, so the proportion will be
the largest and therefore the spacing distance will also be larger.
There is also a noticeable difference between the determination of
the spacing distance according to Tab. 3 and Tab. 6. The values of
the setback distances come out about the same, sometimes the value
is higher according to Tab. 3 and sometimes according to Tab. 6, but
Tab. 6 should be used as it is intended for this purpose.

By comparing the results of the individual calculations and
simulations, it can be seen that there is an agreement between
the results of the spacing distances, and it is, therefore, possible
to implement fire engineering into the determination of building
spacing distances but to do this it is necessary to create a larger
number of simulations and calculations on different types of
buildings, which will be the subject of a solution in further research.
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Absract

The article deals with the solution of a selected part of
the fire safety of buildings, namely spacing distances, in a selected
fire section of a flat. This problem is solved in two ways, namely
by a prescriptive approach using STN 92 0201 - 4 and by using
the modelling tool PyroSim. Specifically, this paper contains
the first part of the solution to the problem, namely a description
of the calculation of spacing distances using the prescriptive
approach. This article aims to highlight the differences that arise
in the determination of spacing distances when some input data are
changed and to compare them with the results of simulations.

Keywords
Spacing distance, prescriptive access, PyroSim.

Abstrakt

Clanok sa zaobera riefenim vybranej &asti poZiarnej
bezpecnosti stavieb, a to odstupovymi vzdialenostami, vo
vybranom poziarnom tseku bytu. Tento problém je rieSeny dvoma
sposobmi, a to preskriptivnym pristupom s vyuzitim STN 92 0201
- 4 a pomocou modelovacieho nastroja PyroSim. Konkrétne tento
¢lanok obsahuje prva Cast’ rieSenia problému, a to opis vypodétu
odstupovych vzdialenosti pomocou preskriptivneho pristupu.
Cielom tohto ¢lanku je poukédzat na rozdiely, ktoré vznikaju
pri urovani odstupovych vzdialenosti pri zmene niektorych
vstupnych udajov a ich porovnanie s vysledkami so simuldciami.

KPacové slova

Odstupova vzdialenost’, preskriptivny pristup, PyroSim.

Introduction

Building fire safety is the ability of structures to resist and
prevent damage to health and loss of life to people, animals and
property in the event of fire. The fire safety of a building must be
addressed and observed by any natural person, natural person -
entrepreneur or legal entity that changes the purpose of the building,
reconstructs the building or is about to build it. To be able to carry
out the construction, it is necessary that all the requirements for fire
safety of the construction, which are specified in the project, and
project documentation, fire safety of the construction, are fulfilled
[1,2].

The basic legal provisions for project development are [2 - 5]:

- Act of the National Assembly of the Slovak Republic
No. 314/2001 Coll. on Fire Protection as amended.

- Decree of the Ministry of the Interior of the Slovak Republic
No 121/2002 Coll. on fire prevention.

- Decree of the Ministry of the Interior of the Slovak Republic
No. 94/2004 Coll. laying down technical requirements for fire
safety in the construction and use of buildings.

- Decree of the Ministry of the Interior of the Slovak Republic
No. 699/2001 Coll. On the provision of water for extinguishing
fires in buildings.

Fire safety of buildings in Slovakia is addressed by Slovak
Technical Standards (hereinafter referred to as "STN") [6 - 12]:

- STN 92 0201 - 1 to 4 Fire safety of buildings.

- STN 92 0400 Water supply for fire fighting.

- STN920202 - 1 Equipment of buildings with fire extinguishers.
- STN 92 0241 Occupancy of buildings.

- Other STNs which result from the design of specific buildings
and which are referred to in the individual standards.

This article aims to determine the spacing distances for
a selected fire compartment of a flat by calculation according
to STN 92 0201 - 4 and to point out the differences arising in
determining the spacing distances when changing some input data
and the subsequent comparison with the results from simulations.

Separation distances

The spacing distance is the space around a structure in which
a fire can be transmitted by radiant heat or falling parts of a burning
structure. Clearances must be maintained to prevent fire transfer
from one structure to another. The spacing distances in Slovakia are
based on STN 92 0201 - 4 Spacing distances [9]. The most common
calculation of the fire hazardous area in a building is the distance
from fully fire-open surfaces, such as windows of the building [9].

The spacing distance of the fully fire-open area of a fire
compartment shall be determined according to equation (1) [9]:

Spu
P, =-2-100<100 (1)

r
Where:
p, theratio of the fire open area to the wall area in %
S the size of the fire open areas inm?

S the area of the perimeter wall in which there are fire open
areas inm?

If the fire openings are not distributed over the whole area of
the perimeter wall, this area shall be selected as small as possible
with a length of /, (m) and height of , (m), in which all fire open
areas lie. The determination of S,,,, and Sp is shown in Fig. 1.

Fig. 1 Determination S[m a Sp [9]

After obtaining the proportion of fire open areas to the area of
the perimeter wall, the spacing distance d is determined according
to STN 92 0201 - 4 and selected tables depending on the type of
building and fire section [9].
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The fire hazard area is bounded by an area parallel to the fire
open area of the fire compartment. The fire hazard area in front
of the fire open area of the fire compartment shall be bounded on
the sides by an oval area of the same radius as the spacing distance.
The axes of the fire hazard area shall be identical to the boundaries of
the fire open area and to the planes which start from the boundaries
of the fire open area and make an angle of 160° with it. In height,
the fire danger zone of the fire compartment shall be determined in
a similar way to the sides. The determination of the fire danger zone
laterally and in height is shown in Fig. 2 [9].

FIRE
HAZARDOUS
AREA

B

FIRE HAZARDOUS
"\ AREA vl

Fig. 2 Fire hazard area on the sides (left) and in height (right) [9]

Material and Methods

Selected fire section of the flat

The selected area for the detection and comparison of
spacing distances was the fire compartment of the dwelling.
The apartment consisted of a living room connected to the kitchen
and dining room, a bedroom, a bathroom with a toilet, a storage
room and a corridor. The apartment had 3 windows, one located in
the bedroom, and the other two in the living room with the kitchen.
The height of the apartment space is 2.5 m. Fig. 3 shows the floor
plan of the apartment with the marked coordinates important for
the calculation of the spacing distances.

1100 1100
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Fig. 3 Floor plan of the flat

Solution of separation distances according to STN 92 0201

The distance of the fire hazard area is calculated based on
the ratio of the fire open area to the area of the perimeter wall in %
according to formula (1). When calculating the size of the fire open
areas, there is only one way to find it, namely by adding the areas
of the openings. When determining the area of a perimeter wall in
which there are fire openings, there are several ways that affect the
resulting value of the proportion of fire openings to the wall area.
This depends on how many windows are on the external wall and
how they are positioned. The following section of the article will
demonstrate the possible ways of calculating the spacing distances.

According to STN 92 0201 - 4, the spacing distances of
dwellings are further determined based on Table 3 and Table 6.
Table 3 is used to determine the separation distances in general, so
it can also be applied to fire compartments of dwellings. Table 6 is
for the fire separation distances of the fire compartments that make
up the habitable cells in a residential building [9].

Living room and kitchen distances

Calculations of SPO:
S, = 2~(1,2~1,1)
S, =2,64m’

The area of the envelope is calculated as the tight confinement
of the windows.

Calculations of Sp:
S, =5811
S, =638 m’

The area of the envelope was calculated from the length that
closely encloses the windows and from a height equal to the height
of the space.

Calculations of Sp:
S, =5825
S, =14,5 m?

Based on the obtained intermediate calculations it was possible
to determine two values of the ratio of the fire open area to the area
of the perimeter wall.

P, =0,37=4137%
p,,=0,182=182%

The values of the ratio of the fire open area to the area of
the perimeter wall were entered into Tables 3 and 6, from which
the spacing distances were subtracted.

According to Table 3, these values were inserted into the first
part of the table, which deals with the values of the separation
distances at the height of the perimeter wall hu up to 3 m. In both
cases, the length of the perimeter wall was the same, namely
5,8 m, so the values from the table were taken from the part of
the table where the value of lu was up to 9 m. Within the part of
the proportion of fire open areas to the perimeter wall area, a value
of up to 60% was taken for the first calculation, and up to 20%
for the second calculation. As the dwelling as a fire compartment
is treated as a non-productive building within the fire safety
framework, the calculated fire load of this fire compartment pv had
to be determined. This value can be determined either by calculation
according to STN 92 0201 - 1 or by a simplified method of reading
the pv value from this standard, namely from Annex K, Tab. K1,
in which the values of the calculated fire load were determined
based on Item 16 - Flats, apartment buildings, family houses,
retirement homes, including accessories. Based on this item, the p,
value was set at 50 kg.m™. Subsequently, the values of the spacing
distances were determined:

d,=4,4m
dy,=L1m

According to Table 6, the spacing distance is determined by
the value of the proportion of the fire-open area to the area of
the perimeter wall and by the length of the fire compartment
The length of the fire compartment in this case is 10 m, so a value
of up to 15 m was taken from the table. From the ratio of open fire
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areas to the area of the perimeter wall, values of up to 20% and up
to 60% were taken. The values of the separation distances were then
determined:

d,=4,5m
d,, =0,8m

Bedroom spacing distances

The same approach was followed for the bedroom as for
the living room/kitchen setbacks.

Calculations of S :

po’
S, =12-11
S, =132m’

The area of the envelope is calculated as the tight confinement
of the windows.

Calculations of Sp:
S,;=12-11
S, =132 m?

The area of the envelope was calculated from the length that
closely encloses the windows and from a height equal to the height
of the space.

Calculations of Sp:
S,,=12-25
S ,=3m’

»

Based on the obtained intermediate calculations it was possible
to determine two values of the ratio of the fire open area to the area
of the perimeter wall.

oy =1=100%
Do, =0,44 = 44%

According to Table 3, its first part, which deals with the values
of the separation distances at the height of the perimeter wall
hu up to 3 m, the separation distance according to the length of
the perimeter wall was determined to be 1,2 m, thus taking the value
lu up to 4,5 m. Within the part of the proportion of fire open areas
to the area of the perimeter wall, the value up to 100% was taken
for the first calculation, and up to 60% in the second calculation.
As in the previous section, the value of the design fire load was
taken from the standard, p_ at 50 kg.m?. The values of the spacing
distances were then determined:

dy,=4,7Tm
d, =34m

According to Table 6, the spacing distance was determined by
the length of the fire section of 7 m, so the value up to 9 m was taken
from the table. From the ratio of the fire open areas to the area of
the perimeter wall, values up to 100% and up to 60% were taken.
The values of the spacing distances were then determined:

dy, =59m
d,=4m

Results and Conclusion

Based on individual calculations and simulations, the results of
spacing distances for the fire section of the apartment, specifically
for its 3 windows, were obtained. The spacing distances according
to STN 92 0201 - 4 were obtained by calculation. The spacing

distances from PyroSim had to be obtained by subtracting
the spacing distance from the graphical results of the simulations.
The description of the creation of the simulations is not the subject
of'this article, but their results are presented in the article. The values
of the spacing distances from the calculations and the simulations
are given in Table 1.

Tab. 1 Values of separation distances

Separation
Room distances (m)
w | Living room 2,1
£ | Simplified method
'g Bedroom 1,5
—g ) ) ) Living room 0,3
% | Simulation of the entire flat
Bedroom 0,3
) . Living room 4,4
Tight window borders
According Bedroom 4.7
2| ©Tab3 | pyeight 4 is the height | Living room L1
'«5 of the space Bedroom 34
; . ) Living room 4.5
5 Tight window borders
According Bedroom 5,9
t0Tab-6 | yeight j is the height | Living room 0.8
of the space Bedroom 4

As can be seen, the results for the spacing distances in
the whole flat simulation are very small, while in the simplified
method they are several times larger. This fact was because,
in the simulation of the whole apartment, the fire was determined
by the floor of the apartment, thus the heat itself and the observed
heat flux density parameter did not have sufficient intensity to
get through the window out of the room, the fire compartment.
In the simplified method, the fire was assigned to the window itself,
hence the observed heat flux density parameter radiated directly to
the outside environment and therefore the spacing distance recorded
was greater. In the simulations, it would be more appropriate to
use the simplified method of simulating the spacing distances,
as the time spent on simulating the fire area is saved, but the spacing
distances come out larger, hence they are on the side of safety.

When solving spacing distances using calculations according
to STN 92 0201 - 4, it can be seen that the greater the proportion
of fire open areas to the area of the perimeter wall, the greater
the spacing distance. Therefore, it is on the side of safety that
the area of the perimeter structure in which the fire open areas are
located should be as small as possible, so the proportion will be
the largest and therefore the spacing distance will also be larger.
There is also a noticeable difference between the determination of
the spacing distance according to Table 3 and Table 6. The setback
distance values come out about the same, sometimes the value is
higher according to Table 3 and sometimes according to Table 6,
but Table 6 should be used since it is designed for that purpose.

By comparing the results of the different calculations and
simulations, it can be seen that there is a good agreement between
the results of the setback distances and thus it is possible to
implement fire engineering in the determination of the setback
distances of buildings, but for this, it is necessary to create
a larger number of simulations and calculations on different types
of buildings, which will be addressed in further research.
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Abstract

Currently, the rising demands on air filtration and safety of
indoor air is documented. High Efficiency Particle Air (HEPA filters)
with their 99.97% effectiveness in 0.3 nm particle size removal are
widely used for indoor air quality maintenance. Recently nanofiber
nonwoven materials are studied profoundly. Nanofiber-based air
filters show several unique characteristics as high surface area,
low pressure drop and high effectiveness of nanoparticles removal.
The main aim of this paper is to discuss whether the nanofibers could
be profitable in microorganism removal. Could nanofiber-based air
filters replace the conventional HEPA filters? Could combination of
conventional HEPA filters with nanofibers materials enhance the air
filtration to remove more submicron particles?

Keywords

Air filtration, bacteria, high efficiency air filters (HEPA),
nanofiber-based nanomaterials, virus.

Abstract

K udrzeni vysokého standardu Cistoty vzduchu jsou nejvice
pouzivany vysoce ucinné vzduchové (High Efficiency Particle Air
- HEPA) filtry, které vykazuji G¢innost 99,97 % v zachytu Castic
o velikosti 0,3 um. Velka pozornost je téZ sméfovana k netkanym
nano-vlakennym textiliim a materialim. Vzduchové filtry zalozené
na nanovlaknech maji né€které unikatni vlastnosti jako velky povrch
materialu, nizky spad tlaku ve filtratnim zafizeni a v neposledni
fad¢ vysoka Géinnost v zachytu ¢astic s rozméry v nanometrech.
Hlavnim cilem prace je shrnout fakta, zda vzduchové filtry
zalozené na nanovlaknech mohou byt vyhodné pro filtraci a zachyt
mikroorganismt. Mohou nano-vlakenné filtry nahradit konvenc¢ni
HEPA filtry? Mize kombinace HEPA filtru s nano-vlakennym
filtrem zvysit vykon takového soustavy v zachytu nanocastic?

Klicova slova

Filtrace vzduchu, bakterie, vysoce ucinné vzduchové filtry
(HEPA), nano-vlakenné materialy, viry.

Introduction

The evolution of air quality requirements is a dynamic process
(Shah, 2021). Understanding the best ways of air filtration can
significantly contribute to the enhancement of indoor air quality
and resulting improvement of public health with consequences to
population protection. Our research team focuses on demonstrating
microbial contamination of air filters installed in various air
conditioning systems and portable air purifiers and evaluation of

their role in air borne pathogens spread. Currently we would like to
discuss filtration mechanisms of high efficiency particle air filters
(HEPA) considering microorganism penetration. If the conventional
HEPA filters cannot eliminate microorganisms sufficiently, do
the novel technologies based on nanofibers offer powerful option
for air filtration enhancement?

Air filter and filtration mechanisms notes

Currently many of air conditioning systems, portable air
purifiers, automotive air conditioners, commercial aircraft and
other means of transport air conditioning systems use HEPA filters.
Air filters (including HEPA filters) are usually made of patented
filtration media. These media are based on materials containing
fibers arranged perpendicularly to the air flow. Fibers are made
of fiberglass, expanded polytetrafluoroethylene (PTFE) (Perry,
2016), (Shim, 2021). Micron-grade filter materials can consist of
polypropylene (PP) or polyester as well. The main advantages of
such filters are represented by high filtration efficiency and charge-
based particle collection mechanism (Zhang, 2018). Currently
modern materials as polylactic acid (PLA) fibers are investigated
(Wang, 2015), (Zhang, 2019). The other biodegradable materials
for air filtration as cellulose could be interesting and are also in
the center of attention (Lippi, 2022). The filtration media are
usually pleated within a framework containing some support
elements or may be support-free. HEPA filters are comparably well
defined in Europe and in the USA. As defined by the Institute of
Environmental Sciences and Technology (IEST, USA) according
to standards for air filters efficiency evaluation and testing
(IEST-RP-CC001.3 and MIL-STD-282), HEPA filters must capture
a minimum of 99.97% of particles at 0.3 micrometers in size.
In Europe EN 1822:2019 is binding. It defines HEPA filter as
99.995% minimum capture of particles at 0.3 micrometers in size
(EN ISO 1822-1 High efficiency air filters (EPA, HEPA and ULPA)
- Part 1: Classification, performance testing, marking, 2019).
Particles of this size are the most difficult to capture and thus are
considered the most penetrating particle size (MPPS). The theory
of MMPs is applicable under the conditions when the air flow
velocity is low to moderate. At high filtration velocities, the most
penetrating particle size may become substantially smaller than
0.3 um (Lee, 1980). Particles that are larger or smaller are filtered
with even higher efficiency (Monto, 2002), (Xu, 2014).

Theoretical explanation of particles behavior is dependent
on particle-fiber interaction within the filtration fibrous material.
The fiber arrangement in the HEPA filters enable several models of
filtration mechanism - diffusion based on the Brownian movement
of molecules, internal impaction, direct interception, and sieving
(Mohammed, 2022), (Wines, 2022). Inertial impaction is based on
inertia which works on large, heavy particles suspended in the flow
stream. These particles are heavier than the air flow surrounding
them. As the fluid changes direction to enter the fiber space,
the particle continues in a straight line and collides with the media
fibers where it is trapped and held. Direct interception works on
particles in the mid-range size that are not quite large enough to
have inertia and not small enough to diffuse within the flow stream.

SPEKTRUM 2/2023

11



These mid-sized particles follow the flow stream as it bends through
the fiber spaces. Particles are intercepted or captured when they
touch a fiber. Sieving occurs when the particle is too large to fit
between the fiber spaces (Hinds, 2021), (Boudina, 2020). Diffusion
is the dominant collection mechanisms for particles smaller than
0.2 pum, interception works on particles up to 0.6 pm. Particles
of around 1 pm or greater may be effectively removed by inertial
impaction (Tcharkhtchi, 2021). The mechanisms of air filtration in
fiber-based filtration medium is shown in the figure 1.

Diffusion (Brown
movement)

@ =

Inertial Impaction e ~—_-

Figure 1 Mechanisms of filtration in fiber-based air filter.
The figure represents a cross section of a fiber-based filtration
medium. The interrupted black line suggests the direction of air
flow. The black circles are the cross section of fibers of
the filtration medium. The green objects show filtered particles.
The red lines or arrows demonstrate the direction of filtered
particles. (Daniela Obitkova 2023)

Microorganisms in air filtration

HEPA filters are widely used in heating ventilation air
conditioning systems or portable air purifiers in different types
of buildings including offices, hospitals, or shopping centers.
The means of transport as cars trains or buses and trams serving for
public transport are equipped with HEPA filtered air conditioning
systems as well. Liu et all. reviewed the effectiveness of HEPA
filters in portable air purifiers in elimination of SARS CoV-2.
Their results showed that the HEPA filters eliminate the virus
sufficiently (Liu, 2022). Other studies dealing with HEPA filters
in portable air purifiers reported good elimination of Aspergillus
and significant decrease of hospital-related Aspergillus infection
(Eckmanns, 2006). Some research has suggested that HEPA filters
may be useful to reduce airborne levels of pathogenic bacteria.
Boswell et al reported that portable HEPA filters were associated
with significantly reduced hospital airborne levels of methicillin-
resistant (Boswell, 2006).

The bacterial size generally ranges from 0.1 pm to 10 pm,
whereas viruses, despite the fact they can make clusters or be
bound to other particles, are usually 25-400 nm in diameter
(Hogan, 2005). Kowalski et al. performed an interesting study
dealing with modeling and prediction of filtration efficiencies for
different kinds of microbes. Microbes differ from particulate matter
in several respects, such as density, the presence of hydrophobic
capsules or slime layers, and in having flagella that enable motility.
The next factor that may cause filtration efficiency difference from
predictions based on particle size could be the rod-like shape of
various bacteria as well. Larger groups of microbes, streptococci,
staphylococci and droplet nuclei, are held together by very weak
natural forces and are likely to break up on aerosolization or on
impact with filter fibers. The result is that microbes will be reduced
to singular forms during the process of filtration. If not, then

they remain as larger particles and predicted filtration efficiency
will not be different from particles of comparable size. The most
important results of the Kowalski’s research group are as follows.
To predict filtration efficiency of fibrous air filters they compared
calculations considering average diameter and logmean diameter of
microorganisms and found that existing filter models are adequate
for predicting the filtration efficiency of bacteria and spores provided
that the logmean diameters, not the average diameters, are used
for particle size. The filtration efficiencies of the smallest viruses,
however, cannot be conservatively predicted due to the limitations
of existing filtration theory in this size range. This matter could not
be resolved and remains to be researched further. The interesting
result of their experiment shows that the degree of penetration of
microorganisms with the size corresponding with MMPs for HEPA
filters may not be significant but may warrant some evaluation of
the risks because the majority of these microorganisms belong to
the group of causative agents of nosocomial infections (Kowalski,
1999). For most applications the HEPA is adequate, but tolerance
for viral penetration is very low, and thus only a few penetrating
virions may be enough to cause disease. For viruses to be efficient
at penetrating HEPA filters they must remain as submicron
particles. Most agree that viruses will not occur as singlets when
dispersed in an aerosol; rather, they will agglomerate or attach to
inert materials that will increase the particle sizes. Testing viral
penetration of HEPA filter by MS2 coli phage (ATCC 15597-B1)
the research group reported decrease of MMPs diameter to about
135 nm by higher velocities of air flow. When the velocity of
air flow doubled from 2 cm.s™! to 4 cm.s”!, the viable penetration
increased approximately ten times. The authors conclude that the
HEPA filters do not eliminate the viruses of smaller sizes optimally
(Heimbuch, 2007). The viruses can penetrate the HEPA filter via
the defects of the material itself, caused for example by pleating
of the single layers of filtration media. The pinhole leaks could
represent the next cause of the filtration capacity failure (Harstad,
2007). Discussion of plausible HEPA filter insufficiency in virus
elimination in experimental laboratories provokes many questions.
Do we have any investigations of microbial contamination of HEPA
filters coming from air conditioning systems of buildings or means
of transport?

Korves et al. reported examination of 48 samples of air filters
removed from commercial aircraft air conditioning system during
regular maintenance. Using multiplex RT PCR kit ResPlex II
ver. 2.0 kit (Qiagen), they found rhinovirus, Influenza A and
Influenza B viruses in three samples (Korves, 2011). Despite
the fact, that we do not know if the viruses were on the inlet or
outlet surface of the filter, the presence of the viruses on the air
filters in the aircraft air conditioning system is worth the attention.
The interesting report of virus transmission onboard brought Olsen
et al. They investigated three flights where there were patients with
SARS CoV-1 infection. In the flight 2, 120 persons were onboard
including the index passenger that had symptomatic SARS.
22 persons got infected - 8 were seated in close vicinity to
the index passenger (it means in the same row or 3 rows in front
of the index passenger). Then, 10 persons who got infected were
seated elsewhere. Aircraft ventilation systems are believed to be
highly efficient at keeping the air free of pathogens, which they
do by exchanging the air in passenger cabins every three to four
minutes and passing the circulated air through air filters (Olsen,
2003). But, thinking about SARS CoV-1 transmission there is one
remaining question - how was the virus transported in sufficient
concentration to infect the persons seated far from the index
passenger? Is it possible that the virus penetrated the HEPA filter
and returned to the passenger cabin with recirculated air?

Our research group experienced interesting results of microbial
contamination of air filter removed from commercial aircraft
during regular maintenance. Bacteria were sampled and cultivated
from inlet and outlet surfaces of the filter. The main result was
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that the amount (CFU/ml) of several pathogens found on the filter
was ten times higher on the outlet than on the inlet surface of the
filter. Among cultivated pathogens we found E. coli, M. morgani,
k. ozeanae or Y. pseudotuberculosis (Pavlik, 2019), (Obitkova,
2019). To support the discussion of bacterial contamination of
investigated air filter, the following table 1 shows the diameter
of different microorganisms. The microbe sizes can be taken
to consideration when comparing to the filtration mechanisms
mentioned above.

Table 1 The microorganism sizes

MICROORGANISM SIZE CITTION

0.5x1-3 um | (Zhou, 2022)
0.5-1.5 um | (Gnanamani, 2017)
0,5-1.25 um | (Murray, 2016)
0.8-1.3 um | (Baron, 1996)

Escherichia coli

Staphylococcus aureus

Streptococcus pneumoniae

Staphylococcus haemolyticus

. 1-2 pm x
Mycoplasma pneumoniae 0.1:02 um (Saraya, 2017)
. . 0.2-0.5 x
Mycobacterium tuberculosis 1.0-1.5 um (Han, 2015)
Legionella pneumophilla 3-5 um (Percival, 2014)

Bordetella pertussis 0.5-1.0 pm | (Ryan, 2004)
Neisseria menningitidis 0,6-1 um (Baron, 1996)
Adenovirus 80-90 nm (Desheva, 2019)
Rhinovirus 30 nm (To, 2017)

SARS CoV-2 100 nm (Bar-On, 2020)
Parainfluenza virus 1 17x9 nm (Henrickson, 2003)

Influenza A virus 80-120 nm | (Stanley, 1944)

0,5-12 pum x | (Norrby, 1970)
90-130nm | (Ke, 2018)

Cytomegalovirus 105 nm (Ho, 1982)
2.0-3.0 um | (Kwon-Chung, 2013)

Respiratory syncytial virus

Aspergillus fumigatus

Respiratory viruses as contaminants of the air filters

We can expect contamination of air filters by respiratory
viruses to wide extent. As mentioned above, Influenza A and
Influenza B viruses was detected on air filters in the commercial
aircraft. Parainfluenza viruses belong to potential contaminants as
well (Goyal, 2011). Rhinovirus was detected in indoor air of office
building equipped with heating ventilation air conditioning system
(HVAC) (Myatt, 2004), so the contamination of air filter could be
expected. The influenza or common cold infections are usually
limited to cool months of the year (Fisman, 2012). The respiratory
syncytial virus (RSV) was proven in HVAC filter in children’s
day care center in seasonal manner (Prussin, 2016). Adenoviruses
represent another representants of airborne infectious agents. Under
experimental conditions, most aerosolized adenovirus particles
were stopped by fiberglass air filter in air handling unit (AHU)
tests, but several viral particles penetrated the filter with negligible
loss of infectivity (Bandaly, 2019). Recently, the severe acute
respiratory syndrome virus-2 SARS CoV-2 could be present on
the air filters which are used to clean the indoor air (Nazarenko,
2020). The SARS-CoV-2 is RNA virus, enveloped and belongs to
rather smaller viruses. The SARS-CoV-2 occurs through respiratory
droplets, droplet nuclei or virus aggregates (Kampf, 2020).
The droplet nuclei and aggregates are important for air filtration
because the droplets sediment quickly within two meters far
from infected individuals (Heo, 2021). SARS-CoV-2 in the form
of aerosolized particles, which are found in a spectrum of sizes,
typically 0.25 to 0.5 um, nearly resembles the MMPs diameter.
In fact, the HEPA filters are the most important air filters in virus
removal, even in cleanrooms (Sandle, 2020). Some studies suggest
the portable air purifiers as adjunctive infection control measures

with knowledge of HEPA filter functionality and limitations in
mind (Christopherson, 2020).

Can nanofibers improve the filtration capacity in air filtration?

Recently, nanotechnology field created high impact in various
spheres such as healthcare or environment - especially for gaseous
and particle pollutant capture (Ravichandran, 2012), (Orlando,
2021). In healthcare application, the nanotextiles made of nanofibers
can enhance the filtration effect and protectivity for example
in face masks (El-Atab, 2021). During COVID-19 pandemic,
the nanofiber textiles have been shown to have significant potential
to capture SARS CoV-2 in face masks (Naragund, 2022). Among
the nanotechnology products, nanofibers are one of the unique
materials. Nanofibers have one order of magnitude smaller diameter
than conventional fibers. The high surface-to-volume ratio, low
resistance and enhanced filtration performance make nanofibers
an attractive material for many applications including air filtration.
In this field the nanofibers fabricated by electrospinning technique
were suggested to have unique properties (Sundarrajan, 2014).
Electrospinning is a simple, versatile, and economical technology.
In the electrospinning method, a high voltage is applied to
a polymer solution to produce ultra-fine fibers ranging from several
nanometers to 2 um. Generally, horizontal or vertical setup of
electrospinning apparatus can be used. electrospinning process is
mainly based on the principle that strong mutual electrical repulsive
forces overcome weaker forces of surface tension in the charged
polymer liquid (Chew, 2006). Electrospinning is conducted at
room temperature with atmosphere conditions. Basically, an
electrospinning system consists of three major components-
a high voltage power supply, a spinneret and a grounded collecting
plate. It utilizes a high voltage source to inject charge of a certain
polarity into a polymer solution, which is then accelerated towards
a collector of opposite polarity (Bhardwaj, 2010).

When the airflow containing particles passes through
the electrospun fiber felt, the air can slip on the fiber surface,
resulting in a substantial loss of pressure drop before and after the
airflow passes through the fiber felt. The substantial reduction is
beneficial to the smooth flow of air through the filter material so
that the filter performance of the nanofiber felt reaches the ideal
performance. Generally, the quality factor is used to evaluate
the filtration performance of filter media (Alia, 2020).

Quality factor is defined as:

_Ind-7)

oF ===

where # is the filtering efficiency and AP represents pressure
drop. Higher QF can be achieved by the enhancement of filtering
efficiency and the reduction of the pressure drop. Nanofiber filter
media has higher filtration efficiency, and lower pressure drop
than traditional fiber filter materials, that is, higher quality factor.
Therefore, nanofiber filtration materials have better filtration
performance (Rajak, 2019), (Zhou, 2022).

Many different materials can be processed by electrospinning
to produce nanofibers. Among organic polymers are leading
materials polyamide PA6/12, Nylon PA6 or Polyaramid AlO,,
then polyurethane PUR and polyvinyl alcohol PVA could be used
for nanofiber fabrication (Lev, 2010). The filtration efficiency of
Nylon6 nanofiber material and high-efficiency air particle filter
(test particles with an air flow speed of 5 cm.s! and 0.3 um) was
compared. The results showed that the filtration efficiency of
nano-fiber mat can reach 99.993%, which is much higher than that
of high-efficiency air particle filter (Ahn, 2006). Polyacrylonitrile-
based nanofibers (PAN) could be suitable for air filtration application
as well (Nataraj, 2012). Electrospun nanofiber materials have
high-efficiency filtration performance, but nanofibers can withstand
low strength, are very fragile, easily damaged, and have extremely
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poor durability. Therefore, nanofiber mats cannot be used as filters
alone. In order to apply nanofibers to filtration, it is necessary to
compound the nanofibers with the base fabric to increase their
mechanical strength. Podgorski et al. suggested triple layer design
for removing nanoparticles along with other aerosol particles.
The first layer is a porous microfiber-based media for collecting
the micro particles, middle one is the nano-fibrous membrane for
capturing the particles in between 100 and 500 nm and the back
layer is the dense layer of microfibers to provide mechanical
strength to the composite media (Podgoérski, 2006). Patanaik et
al., prepared three-layered composite fiber filter media (the middle
layer is electrospun nanofibers, and the front and back layers are
nonwoven base fabrics) and double-layered fiber composite filter
media. The nanofibers are deposited on the nonwoven base fabric,
and the durability of the nanofiber layer is tested by circulating
compressed air through these two filter media. The pore size of
the layer is significantly increased, resulting in a significant change
in filtration efficiency and pressure drop. For three-layer fiber
composite filter media, there is no significant change in pore size,
filtration efficiency (Patanaik, 2010).

The incorporation of antimicrobial agents such as silver with
nanofiber is known to exhibit antimicrobial properties to the filters.
Neeta et al reported antimicrobial (E. coli and P. aeruginosa)
activity for poly(vinyl chloride) PVC, cellulose acetate (CA)
and polyacrylonitrile (PAN) nanofiber membranes containing Ag
nanoparticles (Lala, 2007). Some researchers added benzyltriethyl
ammonium chloride to polycarbonate solution (PC) (Sun, 2017).

Some polymers such as Chitosan (CS) and Polymethyl acrylate
(PMA) have inherent antibacterial/antiviral properties usually due
to their positively charged domain structure which capture and
disrupt the membrane of micro-organisms. Among them, CS and
some of its derivatives enjoy advantages such as relatively good
antimicrobial activity, biodegradability, and non-toxicity which
attract a lot of attention recently. It has also been reported that one
of the sulfated derivatives of CS (sulfated chitooligosaccharide)
can inhibit HIV-1, which may have potential application for
medicine to control HIV. There is even a report on the effectiveness
of N-[(2-hydroxy-3- trimethylammonium)propyl] chitosan chloride
(HTCC) on inhibition of the new coronavirus or SARS-CoV-2
(Borojeni, 2022).
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Conclusion

The use of glass fibers or conventional HEPA filters cannot be
fully replaced with functional nanofiber-based filters or functional
nanofibers combinations so far. Such filters can improve filtration
efficiency, non-selective and extended protection duration.
The ability of nanofibers filters either alone or along with
conventional filters for the removal of VOCs, nanoparticles and
bacterial contaminates in the air is very promising. Such removal
will reduce the man-made pollution in breathing air.
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Abstrakt

Najrozsirenej$im postupom pre vyber zdrojov pre kvantitativne
posudenie rizik (QRA) v oblasti zdvaznych priemyselnych havarii
(ZPH) podla Directive 2012/18/EU (SEVESO III) v Europe
je holandsky pristup. Je zalozeny na CPR $tandardoch. CPR18E
z roku 1999 bolo modifikované doposial 2-krat. Posledna
uprava je v podobe Reference Manual Bevi Risk Assessments
version 3.2, z roku 2009 (Bevi). Selekcia podl'a CPR Standardov
doposial’ nepokryva niektoré Specifika nebezpecnych latok (NL)
podla SEVESO III, ktoré maji toxické a horlavé vlastnosti.
Posledné odportcania pre tito oblast’ su z roku 2018. St zamerané
na chladom skvapalneny horl'avy zemny plyn (LNG). Pre chladom
skvapalnené latky, zmesi s toxickymi a horlavymi vlastnostami
sucasne doposial’ nie st vypracované nové postupy pre selekciu pre
QRA, ale ani pre vypocet dosledkov. V prispevku sa porovnavaji
vybrané metody selekcie pred rokom 1999 so stucasnymi CPR
Standardami s ciel'om vyberu vhodnych zdrojov pre QRA v oblasti
ZPH. Dospelo sa k poznaniu, ze metédy primarnej selekcie podla
CPRI18E, Bevi manualu je vhodné modifikovat, alebo pouzit’ aj
d’alsiu metodu pre selekciu pre QRA pri chladom skvapalnenych
NL s toxickymi a suc¢asne horl'avymi vlastnostami akym je ¢pavok.

KPicové slova
Zavazné priemyselné havarie, selekcia zdrojov, CPRISE,
Bevi prirucka, FEI, CEI, IAEA-TECDOC-727.

Abstract

The Dutch approach is the most widely used procedure for
selecting sources for quantitative risk assessment (QRA) in the field
of major industrial accidents (QRA) under Directive 2012/18/EU
(SEVESO III) in Europe. It is based on CPR standards. The 1999
CPR18E has been modified 2 times so far. The last modification is
in the form of Reference Manual Bevi Risk Assessments version
3.2, from 2009 (Bevi). Selection according to CPR standards
does not yet cover some specificities of hazardous substances
(NL) according to SEVESO III, which have toxic and flammable
properties. The latest recommendations in this area are from 2018.
They target cold-liquefied flammable natural gas (LNG). For cold-
liquefied substances, mixtures with toxic and flammable properties,
new selection procedures for QRA, but also for calculating
the consequences, have not yet been developed. The paper compares
selected selection methods before 1999 with current CPR standards
in order to select suitable sources for QRA in the field of ZPH.
It has been established that primary selection methods according
to CPRI8E, Bevi should be modified, or use another selection
method for QRA in cold-liquefied NL with toxic and flammable
properties such as ammonia.

Keywords

Major industrial accidents, source selection, CPRISE,
Bevi manual, FEI, CEI, IAEA-TECDOC-727.

Uvod

Zavazné priemyselné havarie sa vyclenili ako samostatna
kategoéria podnikov po havarii v Taliansku, v Sevese, v roku 1974.
Vytvorili skupinu Seveso podnikov. Vytvorenie Smernic pre tuto
skupinu podnikov dnes poukazuje na nutnost rieSenia tychto
problémov. Smernica Seveso III [1] a Nariadenie 1272/2008/
EU [2] je potvrdenim tohoto pristupu. Selekcia zdrojov pre QRA
je rozhodujuca pre nasledovné kroky suvisiace s posudenim
scenarov s potencidlom ZPH. NajrozsirenejSim postupom pre
selekciu zdrojov pre QRA v oblasti ZPH v Eurdpe je holandsky
pristup zaloZeny na CPR $tandardoch [3]. Standard CPR18E z roku
1999 [4] bol revidovany v roku 2005 [5]. Posledné odporucenie
k programu SAFETI-NL je Bevi prirucka [6]. Uz pred rokom 1999
za Ucelom preukazovania bezpecnosti Seveso podnikov, existovali
postupy pre selektovanie rizikovych zdrojov a procesov [7-9].

Chemické podniky v minulosti boli postavené v primeranej
vzdialenosti od obyvanej oblasti. Prisun vstupnych produktov,
logistika dopravy bola, vzdy volend po obvode podnikov.
V pristavoch vznikali velké skladové termindly, nielen ropnych
produktov. Surova ropa, skvapalnené plyny, ¢pavok, kyseliny,
patria k zékladnym surovinam pre organicku a anorganickd chémiu.
V Haife (Haifa Chemicals), sa v roku 2017, po 30-tich rokoch,
podarilo na natlak obyvatel'stva, premiestnit’ skladova kapacitu
12 000 ton nizkotlakého zasobnika ¢pavku z pristavu [10]. Znama
je havaria nizkotlakého skladového zésobnika ¢pavku s kapacitou
10 000 ton z roku 1989 [11] Jonava, Litva (dnes Achema Litva).
Dnes sa stavaju nizkotlaké ¢pavkové zasobniky s tonazou do
40 000 ton podla API 620R, alebo EN 14620, ktoré su prevazne
ako samostatné skladové polia mimo zastavanu oblast. Dusi¢nan
amonny (DAM) sposobil viacero priemyselnych havarii,
prikladom bolo franctizske Toulouse. Poslednym prikladom je
Libanon a vybuch DAM v pristave Bejrat v roku 2020. Viaceré
pripadové studie poukazuju na slabé miesta su¢asného postupu pre
selektovanie zdrojov pre QRA podl'a Bevi manudlu.

Metody selekcie pre QRA

Metoda selekcie podl’a CPR Standardov

Indikacné ¢islo 4 vyjadruje pomer medzi skutoénym a medznym
mnozstvom NL, ktoré je povazované za relativne bezpecné
[4-6]. Vyjadruje mieru ohrozenia na tizemi podniku. Tento pomer
je korigovany faktormi vyjadrujucimi typ ¢innosti (proces/sklad),
umiestnenim jednotky (vonkajSie/vniitorné/zachyt) a podmienkami
procesu. Indika¢né Cislo slizi na porovnanie rizikovosti zdrojov
na uzemi podniku. Indikaéné &islo 4 je bezrozmerné Cislo
vypocitané podla vzt'ahu:

() (D),
kde:

AEFT indikaéné Eislo jednotky pre explozivne, horlavé, toxické
latky (-),

mnozstvo NL pritomnej v jednotke (kg),

faktor pre procesnu jednotku alebo skladovaciu jednotku (-),

faktor zohl'adfiujuci umiestnenie jednotky (-),

S

faktor zohl'adiiujuci procesné podmienky (-),
limitna hodnota (kg).

w

QO Q0o
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Selektivne ¢islo S vyjadruje mieru ohrozenia okolia zariadenim
podniku s NL vzhladom k posudzovanému bodu, ktorym st
zvycajne hranice podniku. Vypocita sa pre horlavé a explozivne
NL podra vzt'ahu:

55 = (“’Oj AP ole)
L
pre toxické NL:
o =(1°°j2 A O
L
kde:
SEET selektivne Cislo jednotky pre explozivne, horlavé, toxické
NL (-),

L vzdialenost posudzovaného bodu od zdroja, minimalna
vzdialenost’ (L, = 100 m) (m),

AEET prislu$né indikaéné ¢islo jednotky (-).

Fire & Explosion Index

V oblasti prevencie ZPH sa vyuzival v minulosti pre horlavé
areaktivne NL Fire & Explosion Index (FEI) [7]. Vysledna hodnota
FEI sa vypocita podl'a vztahu:

FEI =MF -F, - F, (@

kde:
MF materialovy faktor (-),

F,  koeficient obecného ohrozenia (-),

F,  koeficient Specifického ohrozenia (-).

Materialovy faktor (MF) vyjadruje horl'avost’ a reaktivitu latky,
zmesi. Jeho hodnota je v rozmedzi 1-40. Koeficient obecného
ohrozenia (F) vyjadruje vSeobecné ohrozenia. Jeho hodnota je
od 1-5 v =zavislosti od konkrétnych podmienok. Koeficient
Specifického  ohrozenia (F,) zohladfiuje konkrétny — stav
v analyzovanej prevadzke. Jeho hodnota malokedy dosiahne
hodnotu £, =6 - F, a F, sa urCujl na zaklade viacerych parametrov.
Pre odhad percenta poskodenia analyzovanej jednotky je
rozhodujici stcin /| a F,. Maximalna hodnota je 8. Tato skuto¢nost’
dava prehl'ad o moznych désledkoch uz vo faze selekcie zdrojov
pre QRA. Metodika umoziuje vypocitat’ aj d’alSie parametre. Tieto
pre Gcel QRA su sekundarne a neuvadzajui sa tu.

Chemical index

Chemicka spolo¢nost’ Dow’s vytvorila pre chemické latky,
zmesi s toxickym ucinkom aj index chemickej expozicie (CEI)
[8]. CEI stanovuje mieru hrozby sposobenej Ginikom toxicke;j latky
v plynnom a kvapalnom skupenstve do okolia. Vysledna hodnota

CEI sa vypocita:
_ /AQ/
CEI = 655,1- ERPG2 ()5
kde:

AQ celkové uniknuté mnozstvo NL, zmesi (kg.sek™),
ERPG2 koncentracia NL, zmesi (mg.m).

Metoda uvazuje ako s tnikom plynnej tak aj kvapalnej fazy
zo zariadenia. Povodna metoda rozliSovala skalu CEIl do a nad
1 000. Na zaklade sktisenosti s touto metédou sa odporuca do QRA
zaradit’ zdroje s CEI > 200. Metodika umoziuje vypocitat’ aj d’alSie
parametre. Tieto pre ucel QRA st sekundarne a neuvadzaju sa tu.

Limity metodik pre vyber zdrojov pre ORA

CPR Standardy pre vyber zdrojov pre ORA

V CPRISE [4, 5], Bevi [6] pre selekciu zdrojov pre QRA st
uvedené rovnice 1-3. Pre selektciu zdrojov do QRA je uvedena
podmienka S> 1 v hrani¢nom bode podniku a 50 % z maximalneho
vypocitaného selektivneho Cisla (S, ) v tomto bode. V roku 2005
[5] boli upravené odporiiéania pre selekciu zdrojov do QRA.
Podmienky selekcie sa vSak nezmenili. Tieto limity pre vyber zdroja
pre QRA umoznovali posudzovat’ menej ako 5 zdrojov. Takéato
skutoCnost’ bola mozna ak uz len jeden zdroj (velky skladovy
zésobnik spifial podmienku S>1a 50 % z AN

Filozofia v Bevi z roku 2009 [6] bola ina. Po zavedeni
vypoctového programu SAFETI-NL sa Bevi stala len priruckou
k program SAFETI-NL. Bevi aj bez vypoctového programu
umoziuje vhodne selektovat’ zdroje pre QRA pri zohladneni
skusenosti z posudzovania rizik pre ucel ZPH. Pouzitie SAFETI-
NL nezbavuje posudzovatel'a mysliet’ a poznat’ konkrétnu kauzalitu.
Novym bol aj pristup k selektovaniu zdrojov pre QRA. Tato
skuto¢nost’ sa odraza aj na radeni kapitol v Bevi. Moduly A, B Bevi
st venované inicianym udalostiam a zjednoduseniu vypoétu ETA
voci CPR18E. Modul C selektovaniu zdrojov pre QRA. Pribudla
aj podmienka minimalneho poctu zdrojov 5. Tato podmienka
zabranila S$pekulativnym postupom pri selekcii poctu zdrojov
pre QRA. Zmeny nastali aj pri limitnej hodnote G, rovnica 1,
pre kvapalné toxické latky. Zvolnenie poziadaviek bolo pre
ohrozenie okolia, kde sa v CPRI8E pozadovalo vypocitat aj
selektivne ¢islo pre pril'ahlé obyvané oblasti a porovnat’ ho voci
hodnote S = 1. Takato podmienka v Bevi uz nie je explicitne
definovana. Bola nahradend moznostou vyradenia zdrojov
spinajucich kritérium individudlneho rizika (IR) IR < 10~ na Gizemi
podniku. Druhou podmienkou je prijatelna miera spolo¢enského
rizika (SR). Do vyberu pre QRA nemuseli byt zaradené zdroje
s frekvenciou poruchy nizSou ako 1.10% rok’, kap. 2.3.4.4 Bevi,
modul C. Pre nestandardné zdroje je uvedena nad’alej poznamka,
7e za vyber zdrojov do QRA je zodpovedny posudzovatel’. Standardy
CPR nie st univerzalne a postupy maju slabiny. Existuje skupina
zdrojov, ktoré je vhodné pre QRA posudit’ inym postupom. Dotyka
sa to prevazne chladom skvapalnenych NL. Problematika ¢pavku je
komentovana v kap. 9, modulu C Bevi [6]. Doposial nie je uvedeny
postup pre toxické plyny skvapalnené chladom pre vyssie mnozstva
(nad 1 000 ton). Posledné odportcanie z roku 2018 na strankach
RIVN (National Institute of Public Health and the Environment)
pre horlavé NL su vypoctové postupy programom SAFETI-
NL [12]. Novsie verzie SAFETI-NL od 6.64, sa zameriavajii na
presnejSie ohranicenie hranic individualneho rizika (/R). Jednou
z podmienok nezaradenia zdroja do QRA podla Bevi je aj
podmienka /R < 10 mimo uzemie podniku. Cesta spresfiovania
podmienok /R v SAFETI-NL je zalozena na spresneni parametrov
vypoctu a nie poznani kauzality a podmienok procesu.

FEI a CEI nastroj pre vyber zdrojov pre QRA

FEI[7] a CEI [8] pracuju s indexom zalozenym na dosledkoch
nezavislych od frekvencie udalosti. Metodiky vznikli pred rokom
1999. Ich primarnym ucelom nebola selekcia zdrojov pre QRA
v zmysle ZPH. FEI je kategorizovany do piatich kategorii, 1-60,
61-96, 97-127, 128-157 a nad 157. Pre podrobnl analyzu zdrojov
metodika odporaca kategoriu zdrojov s FEI > 157. Nase skuisenosti
s touto metodikou sved¢ia o zvazeni zdrojov s FEI > 127. Ani FEI
ani CEI nema spodné ohrani¢enie poctu posudzovanych zdrojov.
FEI m& ohrani¢enie minimalnej tonaze posudzovanej jednotky.
V pripade CEI je to aj sposob uniku NL zo zdroja. Tieto obmedzenia
vznikli na zaklade dlhodobych skusenosti a su zohl'adnené dnes
aj v CPR standardoch [4, 5] a Bevi [6] a to formou typu Uniku.
Priskladovychaprocesnychnadobach G1 - okamzity tnik, G2 -velky
kontinudlny tnik celého obsahu v priebehu 10 minut kon$tantnou
rychlostou, G3 - maly kontinualny tnik s otvorom s efektivnym
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priemerom 10 mm; pri potrubiach G1 - Gplna ruptara potrubia,
G2 - kontinudlny tnik otvorom s efektivnym priemerom 10 %
z priemeru potrubia).

Vysledky

Nebezpecné chemické latky vo vybranych vyrobnych procesoch

Existuji vyrobné postupy od riedenia vodou az po postupy
nitracie, ktorych naro¢nost’ na aparaty a prevadzkové postupy je
rozdielna. Nariadenie 1272/2008/EU [2] definuje nebezpecné
vlastnosti chemickych latok. Pre vypocet QRA je potrebné
zohladnit’ toxicitu, horlavost, vybusnost chemickych latok
bez ohl'adu na prijimatela, ktorym je ¢lovek, okolie. Na zdklade
ziskanych poznatkov a skusenosti z posudzovania rizik sa pre
ucel poukdzania na problémy selekcie zdrojov pre QRA vybrali
prevadzky z ¢pavkovej chémie - vyroba hnojiv, metanolova chémia
- vyroba lepidiel, a benzénova chémia - vyroba cyklohexanu. Mnoho
takychto prevadzok existuje samostatne, alebo v ramci vacsieho
chemického podniku. Cpavok je zékladnou chemickou latkou
nielen pre vyrobu hnojiv. Dnes a vyrdba prevazne zo zemného
plynu, vzduchu (dusika) a vody. Medziproduktmi pri vyrobe hnojiv
je kyselina dusi¢énda a DAM. Pre kvapalné hnojiva je zédkladom
¢pavkova voda. Pre tuhé hnojiva je to DAM a anorganické latky
(hor¢ik, véapenec, dolomit ap.). Okrem zemného plynu, ktory
je vstupom pre vyrobu ¢pavku je nutné ostatné chemické latky
skladovat’ a manipulovat’ vo vyrobnom procese.

Mnozstvo uniknutych oxidov dusika je podmienené zastavenim
vyroby oxidu dusnatého v procese vyroby kyseliny dusi¢nej. Popri
¢pavku v tychto chemickych prevadzkach sa vyraba aj DAM ako
finalny produkt, ale aj ako medziprodukt pre nasledovnu vyrobu
hnojiv. Pre vyrobu mocovinoformaldehydovych lepidiel je
vstupnou chemikaliou metanol a mocovina. Formaldehyd vznika
oxidaciou metanolu.

Chemické podniky neboli vytvorené len pre vyrobu jediného
produktu. Cpavok, kyselina sirova, kyselina dusiéna, metanol, boli
uz v minulosti sustred’ované do jedného celku za ti¢elom $pecialne;j
vyroby. Prikladom toho bol vybuch v nemeckom Opau, alebo
v Strazskom.

Tab. 1 Vypocet A" pre vybrané zdroje za i¢elom selekcie pre QRA

Ako priklad na kombinovanu organickd a anorganicktl vyrobu
je poukéazané na technologiu, ktora vyuziva hydrogenaciu a oxidaciu
a bola v takejto kombinacii v posudzovanom podniku. Cyklohexan
sa vyraba hydrogenaciou benzénu. Vodik pre hydrogenaciu sa
najcastejSie vyraba kontinualne parnym reformingom zemného
plynu. V starsich chemickych a hutnickych prevadzkach sa vyrabal
z ¢pavku. V pripadoch, zZe je nutné pouzit’ vacsi objem vodika je
nutné mat skladovy zasobnik. Benzénova chémia je Specificka
nielen toxicitou, ale aj naro¢nost’'ou na energie a chemické aparaty.

Porovnanie metodik za uc¢elom vhodnej selekcie zdrojov pre
QRA

V tab. 1 st bez ohl'adu na umiestnenie na teritoriu podniku,
vypocitané hodnoty A" podl'a rovnice 1 pre vybrané zdroje.
Charakteristické zdroje v podnikoch s organickou a anorganickou
chémiou su sklady, staGanie/plnenie Zelezniénych cisterien (ZC),
vyrobné aparaty, potrubia. Zdroje v tab. 1 su vybrané za tcelom
preukdzania problematiky selekcie zdrojov pre QRA a nie
za ucelom posudenia konkrétnej prevadzky. Pri konzervativnom
pristupe je mozné prijat’ zjednoduSenie a to podmienku ak
L>100m astcasne L <101 m, potom je 4 = S, ¢o je stav, kedy zdroj
je umiestneny 101 m od hranice podniku. Tato myslienka nie je
v rozpore s Bevi. Tento predpoklad umozni nepocitat’ S a tento stav
modelovany pre ucel preukdzania problému je postacujici. Va¢sina
skladov a stadani/plneni ZC je umiestnena mimo hlavné vyrobne
a priamo susedi s hranicou podniku. Takéto umiestnenie vyplyva
z koncepcie logistiky dopravy a bezpe¢nosti pri prevadzkovani
takychto chemickych podnikov.

Z vypocitanych hodnét uvedenych v tab. 1, podmienku 50 %
S nesplia Ziaden zdroj. Hodnota S pre zdroj Z6 je vysoka. Druhii
podmienku, zaradenie minimalneho poctu piatich zdrojov, budu
spiflat’ zdroje Z5, 78, Z4, Z11. Az na zdroj Z11, sklad metanolu,
¢o su to zdroje s toxickym dosledkom pre okolie. Pokial’ by sa
nezohl'adnilo poznanie, skusenosti s horlavymi NL, tak by vicsina
zdrojov s potencialom vybuchu, poziaru nebola zaradena do QRA.
Nezohl'adnenie zariadeni pre hydrogenaciu a im podobné reakcie
v technologickych celkoch povazujeme za problémové. Flixborough
je dostatoénym poucenim. NiZ§ie je poukazané z akych dévodov.

Zdroj NL o 0, 0, 0, G (t) AT AFE Poznamka
Z1 zemny plyn 2,5 1 1 10 10 - 2,5 potrubie DN 100, 3,0 MPa, 10-min. Ginik
72 zemny plyn 6,5 1 1 10 10 - 6,5 potrubie DN 250, 4,5 MPa, 10-min. Gnik
Z3 ¢pavok 500 0,1 1 10 10 - 50
vysokotlaky zasobnik
74 ¢pavok 500 0,1 1 10 3 167 -
zZ5 ¢pavok 10 000 0,1 1 2,2 10 - 220
nizkotlaky zasobnik
Z6 ¢pavok 10 000 0,1 1 2,2 3 733 -
z7 Epavok 55 1 1 10 10 - 55 ) .
plnenie/stacanie ZC
Z8 ¢pavok 55 1 1 10 3 183 -
79 ¢pavok 9,1 1 1 10 10 - 9,1 . . . .
potrubie plnenia ZC, 10-min. Gnik (55 t.h™")
Z10 | ¢pavok 9,1 1 1 10 3 30,3 -
Z11 | metanol 4000 0,1 1 1 10 - 40 skladovy zasobnik
Z12 | metanol 60 1 1 1 10 - 6 stadanie ZC 60 ton
713 metanol 23,7 1 1 1 10 - 2,37 staCanie kontajner 30 m?
Z14 | benzén 2 000 0,1 1 0,1 10 - 2 skladovy zasobnik
Z15 benzén 55 1 1 0,1 10 - 0,55 stacanie ZC 55 ton
Z16 | vodik 1 0,1 1 10 10 - 0,1 sklad, 1 tona
Z17 | cyklohexan 30 1 1 0,1 10 - 0,3 oxidaény reaktor 50 m* (zmes)
Z18 | cyklohexan 500 0,1 1 0,1 10 - 0,5 sklad 500 ton
Z19 | cyklohexan 55 1 1 0,1 10 - 0,55 plnenie ZC 70 m?

Hodnoty pre urcenie LC pre prislusné NL boli z Dossier-ECHA a vypocet O, bol na zdklade Antoinovej rovnice.
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V tab. 2 je poukdzané na existenciu S > 1 000 aj v redlnych prevadzkach dnes. Jedna sa o sklady chladom skvapalnenych plynov.

Tab. 2 Vypocet A" pre vybrané zdroje za Gi¢elom selekcie pre QRA [13]

Zdroj NL o (t) 0, 0, 0, G (t) ARE STE(200m) | S (300 m) Poznamka
Z1 LNG 50 000 0,1 1 5,5 10 2750 344 101,9 Wuhaogou, Cina
Cile, 2013
z2 LNG 150 000 0,1 1 5,5 10 8250 1031 305,6 Austrilia, 2015
73 LNG 165 000 0,1 1 5,5 10 9075 1134 336,1 Australia, 2016

Hodnoty O, boli rdtané pre prevadzkové teploty -158 °C a pretlak 10 cm vodného stipca pre skvapalneny metdn.

Aj pri odporueni uvedenom v [12] je zrejmé, Ze pre
L>200 m bude pre S, > 1 000. Problémom je, Ze skladové polia
sa v ramci roz§irovania podnikov stavaju pril'ahlymi k podnikom
a nie su samostatné jednotky bez potencialu domino efektu
k okoliu. Hodnoty selektivneho ¢isla zdrojov Z2, Z3 z tab. 2 aj vo
vzdialenosti 200 m st nad ramec beznych indikacnych a selekénych
¢isiel pri selekcii podl'a CPR $tandardov a Bevi. Pri umiestneni
tychto zdrojov mimo obyvanu oblast’ je mozné dosiahnut’ hodnotu
IR < 10°. V pripade postavenia tychto zasobnikov v existujlcej
infrastruktare pristavu, priemyselnej zone, alebo v blizkosti
chemického komplexu sa pozadovana hodnota /R nedosiahne
ani tym, Ze sa bude spresnovat vypocet pomocou SAFETI-NL.
Hodnota /R ani SR nezmeni kauzalitu vzniku dosledku. Potrebné je
uvedomit’ si, ze sklad je potrebné naskladnit’ a vyprazdnit’. K tomu
je potrebna infrastruktara. V pripade porovnania aj so zdrojom Z6
ztab. 1 st to realne technologické zdroje s hodnotami prevysujicimi
hodnoty beznych selektivnych C¢isiel. Pre skladové zasobniky
horlavych latok, napr. ropa (sklady s tonazou do 100 000 ton)
podla rovnice 1, je A = 100. Pri vzdialenostiach do 200 m od
zdroja potom bude S = 13. Takéto hodnoty su radovo porovnatelné
s chemickymi prevadzkami. Vyrazny je problém pri skvapalnenych
stredne toxickych plynoch. Limitna hodnota G, rovnica 1, pre tieto
latky je 1/3 z limitu pre horlavé latky. Priklad je v tab. 1, zdroje
74,76, Z8. To pre zasobnik s 10 000 ton ¢pavku znamena hodnotu
A"=1733. Zasobnik v Jonava (10 000 ton ¢pavku) [11] bol postaveny
v roku 1978 Japonskom. Zasobnik v Haife (12 000 ton) bol
postaveny v roku 1987. Pri pohl'ade na pristav v Haife je zrejmé,
ze sa v pristave neskladuje len ¢pavok. Tieto technologie st realne
a CPR standard ich nepostihuje ani v Eurdpe. Nizkotlaké sklady

LNG su aj v Europe a v tonazi nad 150 000 ton. Podobné hodnoty
indikaénych a selektivnych ¢isiel podla rovnice 1-3 existuju.
Z tychto skuto¢nosti su zrejmé slabiny CPR §tandardu pri suc¢asnych
kritériach pre vyber zdrojov pre QRA.

V tab. 3 st vypocitané charakteristické hodnoty FEI, podla
rovnice 4 a postupu pre vypocet FEI. Zdroje v tab. 3 s vybrané
za ucelom preukdzania problematiky horlavych NL v kontexte
horlavost-toxicita a poziadaviek FEI ako aj porovnania s CPR
Standardom.

Pre zdroj Z17 uvedeny v tab. 3, boli vypocitané hodnoty FEI
variantne ako pre nabeh, tak aj pre ustéleny rezim reaktora. Uelom
je poukazat' na rizikovost' hydrogenacie. Hodnota FEI > 157
jemnohokrat podmienend procesnymi podmienkami (hydrogenacia)
a technologickymi prevadzkovymi podmienkami. Viaceré
zdroje uvedené v tab. 3, Z17a,b, by pri selekcii podla CPR18E
neboli zahrnuté do QRA. Nespliiaji ani kritérium 50 % S . FEI
z pohl'adu vybusnosti nie je citliva na vlastnost’ ¢pavku - vybusnost,
&o je spdsobené nizkou hodnotou MF. Cpavok mé hodnotu MF =
4 (ma nizku reaktivitu). Ak by F, a F, dosahovali maximéalnych
teoretickych hodn6t potom by F|, = 1,85 a F, < 5,85 pre sklady.
Takéto hodnoty st pre korodujuce tlakové zasobniky s netesnymi
prirubami. Toto je v praxi nerealne. Potom by FEI < 60. Podl'a
FEI st to zdroje, 1781
a zanedbatelny. Tato skutoCnost’ koreluje s myslienkou z Bevi,
ze pre ¢pavok je nutné ratat’ len toxicky rozptyl. Je to logicke,
nakol’ko koncentracia dolnej medze vybuSnosti pre cpavok
je o dva rady vyssia ako koncentracia pre usmrtenie Cloveka.
Zdroje uvedené v tab. 3, s hodnotou FEI medzi 97-157 st zdroje

Tab. 3 Charakteristické vystupy z metodiky FEI pre prevadzky aj s horlavymi NL

Zdroj NL MF FEI R [m] Poznamka
Z1 zemny plyn 21 95 24 potrubie DN 100, 3,0 MPa, 2,5 ton
Z2 zemny plyn 21 126 32 potrubie DN 250, 4,5 MPa, 6,5 ton
Z3 ¢pavok 21 5 vysokotlaky zasobnik, 500 ton
Z4 ¢pavok 26 6 nizkotlaky zasobnik, 10 000 ton
Z6 ¢pavok 42 11 plnenie/stacanie ZC, 55 ton
Z10 metanol 16 76 19 skladovy zasobnik, 4 000 ton
Z11 metanol 16 119 30 staganie ZC 60 ton
712 metanol 16 107 27 sta¢anie, kontajner 30 m?
Z14 benzén 16 129 33 skladovy zasobnik
Z15 benzén 16 122 31 stacanie ZC 55 ton
Z17a cyklohexan 21 264 61 reaktor oxidacie 50 m?
Z17b benzén, vodik 21 189 48 reaktor oxidacie, ndbeh 50 m?
Z17c vodik 21 148 38 reaktor - dehydrogenacia
Z17d cyklohexan 21 130 33 destila¢na kolona
Z18 cyklohexan 16 121 31 sklad 500 ton
Z19 cyklohexan 16 92 23 plnenie ZC 55 ton
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Tab. 4 Porovnanie kategérii inikov a dosledkov pre vybrané metodiky

, Uniknuté mnoZstvo (kg) CPR IAEA-TECDOC-727
Unik (kg.s™) CEI
1 min 2 min 10 min kategoria kategéria désledok
10 176 600 1200 6 000 G3 ClI
13 200 780 1 560 7 800 G2 Ccl vybuch
20 248 1200 2 400 12 000 G2 ClI
100 556 6 000 12 000 60 000 Gl EIII
200 786 12 000 24 000 120 000 Gl EII
toxicky rozptyl
300 962 18 000 36 000 180 000 Gl ElI
330 1009 19 800 39 600 198 000 Gl EII

Cpavok (ERPG2 = 139 mg.m" star§ia hodnota uveden4 podl'a povodného postupu pre vypocet CEIL

s horlavymi a vybusnymi NL, z ktorych vSak ani jeden podla
CPRI18E a Bevi, tab. 2, by nebol zaradeny do QRA. Pre zdroje
s ¢pavkom podla odporGcania v kap. 3.2.1 modul B, tab. 10,
Bevi [6], je nutné vykonat' vypocet len pre toxicky rozptyl. Tato
skutocnost’ nie je oSetrena uz pri selekcii zdrojov, rovnica 1 a 2,
ziadnym odporacanim, ani obmedzenim. Tato skuto¢nost’ je zrejma,
ak sa vykona analyza havarii a zohl'adni sa mnoZstvo uniknutého
¢pavku.

O spravnosti predpokladu pre zaradenie zdrojov s toxickym
rozptylom pre CE/ > 200 do QRA je mozné sa presvedcit’. V tab. 4
st uvedené vypocitané hodnoty CEI podl'a rovnice 5 pre unikajice
mnozstva 10 az 330 kg.s'. St porovnané s postupmi podla CPR
a JAEA-TECDOC-727 [9].

Pri vypocte dosledkov podl'a CPR, Bevi, su kvantifikované
typy Unikov okamzity a kontinudlny. Kontinudlne uniky st
kategorizované pre uniky do 10 kg.s', od 10 az 100 kg.s’!
a nad 100 kg.s™', (kategoérie G1, G2, G3). Hodnoty CEI < 176 je
mozné porovnat’ s kontinualnym tnikom do 10 kg.s'. Pri tychto
hodnotach uniku podl'a IAEA-TECDOC-727 dochéadza k vybuchu.
Obdobné porovnanie je mozné aj pre d’alsie typy tinikov do a nad
100 kg.s™!. Dolezité je to z pohl'adu selekcie a hlavne poznania typu
dosledku uz v etape selekcie zdrojov pre QRA. Pre ¢pavok, pri
tonazi nad 60 ton, nie je charakteristicky vybuch, kategoria EIII
podla IAEA-TECDOC-727 [9]. Uvedené je to v tab. 4. CPR18E
v selekcii zdrojov pre QRA pre NL, ktoré maji toxické aj horlavé
vlastnosti sticasne ma rdzne limity pre toxické a horlavé NL.
Bevi pri vypocte dosledkov odporuca uz len vypocet toxického
rozptylu. To je v sulade s FEI a CEI podla tab. 4 pri tinikoch nad
100 kg.s'. Tvrdenie o zaradeni zdrojov s CEl > 200 do QRA sa
zaklada na naSich sktsenosti, ze Gnik trva minimalne 10 min.
Z tab. 4 je zrejmé, Ze pokial’ sa odtrhne priruba na ZC tak 55 ton
bude do 10 min. mimo ZC a v plynnom skupenstve. To je problém
nie len pre obsluhu, ale aj okolie. Obdobnym spdsobom je mozné
vykonat’ porovnanie pre iné NL s charakteristickou vlastnostou
toxicita-horl’avost’

Diskusia

Dnesné chemické technologie sa liSia oproti minulosti nielen
produkciou (mnozstvo, druh) voci stavu z roku 1999. V podnikoch
kde sa zachovala povodna koncepcia bezpecnosti chemického
konceptu (spdsob vyroby a miera rizika) nie je metdda selekcie
podla CPR standardov problémom. Ani z pohl'adu vlastnosti NL
horlavost-toxicita. V minulosti nebola ani v CPR18E dopracovana
myslienka vlastnosti NL toxicita-horlavost. Toto reziduum je aj
v Bevi doposial’. Vyplyva to z existencie selektivnych Cisiel, ktoré
st radovo neporovnatel'né s ostanymi selektivnymi ¢islami, tab. 1
a tab. 2. Zmena konceptu bezpecnosti pri zmenenej produkcii
v podnikoch vytvorila tento problém este vyraznej$im. Metody
selekcie pre QRA podl'a Bevi [6] je vhodné modifikovat. CPR
Standardy boli samostatné Standardy. Bevi manudl sa stal len
podpornou priruckou pre SAFETI-NL. Bevi zaradil selekciu az

v module C. V module B je doporucenie pre cpavok. Ale explicitne
nie je povedané v selekcii, ze ¢pavok nie je nutné ratat’ na vybuch.
Podmienka pre nezaradenie zdrojov s /R < 107 nepreukazuje
jasne, ze tieto zdroje nebudi prispevkom do hodnoty SR. Je ju
mozné povazovat’ len za uhybny manéver a nerieSenie problému
selekcie zdrojov so selektivnym c¢islom o jeden rad vyssim ako
je prevazna vicsina zdrojov v procese selekcie. Ak v Statistickom
subore vznikne odlahla veli¢ina, tak ju vyradime. V pripade
ZPH je to nemozné. Selekcia zdrojov nesluzi len pre uicel QRA.
Havarijné planovanie bez kvantifikacie scenarov a opisu kauzality
je bezpredmetné. Z tohto pohl'adu si aj pri existencii SAFETI-NL
a odportcani uvedenych v Bevi nedovolime na zéklade sktsenosti
nezahrnut’ niektoré zdroje do QRA.

Odporucenia pre pocet zdrojov pre ORA

Bevi [6] okrem obmedzenia poc¢tu zdrojov pre QRA zdola
viac ako 5, nema obmedzenie zhora. Nie je odporuceny pocet
zdrojov pre QRA v zavislosti na posudzovanom pocte zdrojov
v podniku. Tato skuto¢nost’ nedava odpoved’ na otazku aké percento
zdrojov je mozné ocakavat po vykonani selekcie. Na zaklade
skusenosti do roku 2011 [14] bolo pri pocte posudzovanych zdrojov
do 50 zaradenych 2 % zdrojov pre QRA. Pri poéte posudzovanych
jednotiek medzi 50-100 to bolo 2-5 % zdrojov. Pri poéte nad 100 to
bolo 5-10 %. Od roku 1999 sa nami vykonalo viac ako 100 postdeni.
Posudzovany rozsah zdrojov v podnikoch bol od 3 500 zdrojov vo
velkych chemickych podnikoch, az do 600 zdrojov v hutnickych
prevadzkach s chemickymi prevadzkami. Pri pocte zdrojov
3 500 v podniku so zmie$anou vyrobou (organicka, anorganicka
vyroba) bolo do QRA zaradenych 1,7 %. V podnikoch s cca
1 200 zdrojmi a prevladajucou organickou chémiou to boli 2 %.
V hutnictve s chemickymi prevadzkami pri pocte zdrojov 600 to
boli 2 %.

Obdobne je mozné poukazat’ aj na percento skupiny odporucenej
metédou FEI a CEI pre podrobnu analyzu. Pri percentualnom
zastupeni kategorii FEI, kde hodnota FEI = 159 bola ur¢ena ako
vztazna (100 %) je mozné vidiet, ze pri tvorbe metodiky sa ratalo
s 37,7 % zastupenim kategorii FEI < 60, s 22,6 % zastipenim
kategérii FEI v intervale 61-96, s 19,4 % zastipenim kategorii
FEI v intervale 97-127, s 18,8 % zastupenim kategorii FE/
v intervale 128-158 a 2,5 % zastGpenim kategérii FEI > 159.
Percentom kategorie sa FEI radovo neliSi od CPR Standardov
z pohladu zdrojov pre QRA. FEI sa urcuje len pre horlavé
a vybusné vlastnosti NL.

Existuji aj NL s toxickymi vlastnostami. Pévodna metdda
kategorizacie CEl rozliSovala Skalu CEl od 1 az 1 000. Pri hodnotach
CEI > 1 000 sa odportcalo CEIl = 1 000. Na zaklade skusenosti
s touto metddou a porovnanim s inymi screeningovymi metédam sa
nami odportca do QRA zaradit’ zdroje s CE/ > 200. Viacero NL ma
horl'avé aj toxické vlastnosti. Pokial’ sa zohl'adni aj tato vlastnost’
tak do 2 % sa zmesti vacSina posudzovanych NL vhodnych pre
selekciu QRA. V tomto je zhoda medzi metodikami selekcie,
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¢i novymi alebo star§imi. Tato skuto¢nost’ je prvotnou informéaciou
pre posudzovatela.

Odporucenia pre zohl’adnenie zaradenia zdrojov pre ORA

Problémy vznikali pri prevadzkach s vyrazne prevladajicimi
vlastnostami NL toxicita-horlavost’, nie horlavost-toxicita.
V hutnictve prevladal oxid uhol'naty a decht v r6znych podobach.
Takéto NL nevykazuju vyrazné rozdiely a CPR S§tandardy s
vhodné aj za predpokladu, Ze sa skladuju energeticky vyuzivané
plyny v skladoch od 50 000-400 000m?>.

V chemickych podnikoch s organickou aj anorganickou
chémiou je v CPR S$tandardoch vhodne oSetrené rozhranie
horlavost-toxicita. Nevhodne je oSetrené doposial rozhranie
toxicita-horlavost. V malych podnikoch s prevladajucim jednym
druhom vyrobku sa QRA po selekcii zizilo na jednu, maximalne
dve prevladajice NL, ktoré mali aj horl'avé, aj toxické vlastnosti.

Pre sklady chemickych latok, akymi su sklady mimo rafinérii
je CPR standard vhodny bez rozdielu skladovanej NL. Ak sa pri
selekcii podl'a rovnice 1-3 vyskytnu zdroje so selektivnym ¢islom
vy$$im o jeden rad a sucasne minimalne jeden zdroj s indikaénym
Cislom A o dva rady vyssim ako vicSina zdrojov je dovod posudit’
celu selekciu zdrojov aj druhou metddou. V pripade, Ze sa nejedna
len o jeden zdroj so selekénym cislom o jeden rad vys$im je
nutné vytvorit samostatni skupinu a posudit’ ju samostatne.
Pre obidve skupiny je nutné prijat’ rovnaké pravidla. Pre vyber
metdd plati pravidlo diverzifikovania a redundnantnosti metdd
sucasne. Vyber a kombinaciu metdd pre selekciu zdrojov pre QRA
uréuje posudzovatel na zaklade vedomosti, metdd a moznosti.
Poznanie CPR Standardov, Bevi, SAFETI-NL je len minimalnym
predpokladom pre spravne selektovanie zdrojov pre QRA.

SAFETI-NL ma nastavenych mnoho predvolenych hodnét,
ktoré zjednodusuji vypocet. Nepoznanim jadra problému vznikajt
vystupy, ktoré nezodpovedaju realite. Bolo na to poukazané aj
v [15] pre jednoduchy priklad BLEVE.

Amoniak doposial’ prindsa pre metddy selekcie niekol’ko
nezodpovedanych otdzok v oblasti selekcie zdrojov pre QRA.
V kombinacii s inymi NL budt aj vyzvou pre nasledujiice obdobie,
nakol’ko technoldgie skvapaliiovania sa posuvaju nielen v oblasti
horfavych NL. St zname uz aj z minulosti. Problémom je
materialové inZinierstvo, ktoré si doposial’ s niektorymi vyzvami
v tejto oblasti neporadilo.

Odporucany postup pre selekciu zdrojov pre QRA pre ucel ZPH

Skusenosti s indexovymi metdédami ddvaji obraz o moznom
zaradeni zdrojov do QRA. st dobrym predpokladom k prijatiu
principu diverzifikdcie a redundantnosti metéd selekcie. Ak sa
v podniku vyskytuju prevadzky, stacanie/plnenie, manipulovanie,
vyroba organickych chemickych latok, zmesi a tieto NL maji
hodnotu materidlového faktora MF = 21 [7], vznikd dovod pre
preskimanie okolnosti v prevadzke a potenciali zaradenia zdroja
do QRA. Zariadenia s vysokymi prevadzkovymi tlakmi a teplotami
je nutné taktiez podrobit’ inym postupom, aby do selekcie QRA boli
vybrané rizikové zdroje. Pouzitie dvoch nezavislych metod, tab. 4,
6, 7, umoziuju potvrdit, vyvratit, spravnost’ zaradenia zdroja do
QRA.

Existuje vela screeningovych metéd zalozenych na
morfologickom porovnani vlastnosti NL, napr. poZiarna
zatazenost, Hatayamov index, ap., ktoré davaju rychly obraz
o povahe potencialnej havarie aj v rimci ZPH. Druhou skupinou
screeningovych metdod st metddy zaloZzené na procesnych
pristupoch, ktoré su vyuzivané pri analyzach kontinuity ¢innosti
pre krizové rezimy v podnikoch. Nejedna sa o postupy pre CBA,
aleoanalyzy sliziacek zachovaniu prevadzkovania technologického
zariadenia v oblasti kritickej infrastruktiry v oblasti chémie,
petrochémie, hutnictva.

Nami pouZivany postup pre selekciu zdrojov pre QRA pre ucel
ZPH

Zasadou je poznat’ prevadzku. Vykona sa podrobna obhliadka
prevadzky s konzultaciou s technologmi. Identifikuji sa vonkajsie
hrozby. PouZiva sa upraveny S$vajCiarsky kataldog hrozieb [16]
s kvantifikaciou hrozieb. Pouzije sa CPR18E. V pripade vyrazného
rozdielu selektivnych a indika¢nych Cisiel sa posudzuju odl'ahlé
hodnoty druhou metddou, napr. FEI, CEI ap.. Ak je cielom aj
vytvorenie havarijného planu a postidenia vonkajs$ieho a vnitorného
domino efektu, posudia sa aj zdroje s potencidlom vonkajSicho
a vnutorného domino efektu. Kvantifikované podmienky pre tieto
dosledky st uvedené v [17]. V uvahu sa beru skoronehody, ktoré
boli v konkrétnom podniku a ktoré sa vyskytli za poslednych
30rokov.

Zaver

V prispevku je poukazané na problematiku selekcie zdrojov
v Seveso podnikoch podla CPR standardov. CPRISE, Bevi,
SAFETI-NL nerieSia postadujuco problematiku  chladom
skvapalnenych plynov s vlastnostami toxicita-horl’avost, akym
je ¢Epavok. CPR Standardy od roku 2017 riesia len chladom
skvapalnené plyny s vlastnost’ami horl'avost’, napr. LNG.

Moznosti su v uprave indikacného ¢isla a to parametrov G
alebo O, pri zachovani postupu selekcie podla CPRISE pre
¢pavok. Druhou moznostou je Uprava koeficientu O, ako funkcie
mnozstva Q.

Bolo poukazané na obmedzenia poctu zdrojov pre QRA zhora.
Mozné je ocakavat’ do 2 % z celkového pocétu posudzovanych
zdrojov bez rozdielu prevladajucej vlastnosti NL (horlavost-
toxicita alebo toxicita-horl'avost’).

Publikovany bol postup, ktory je nami pouzivany pre rieSenie
tohoto problému. Spociva v pouziti druhej metddy v oblasti, kde
su slabiny CPR18E. Ak sa pri selekcii zdrojov pre QRA vyskytni
zdroje so selektivnym c¢islom vy$§im o jeden rdd a sucasne
minimalne jeden zdroj s indikaénym ¢islom A o dva rady vysSim
ako vicsina zdrojov, je dovod posudit’ celu selekciu zdrojov aj
druhou metddou. Pri takychto pripadoch najcastejsie su zo selekcie
podla CPR 18E vylucené horlavé a toxické NL. Z tohoto dovodu
sa pouziva aj vypocet FEI. Postup je doplneny aj o identifikaciu
hrozieb zvonku, nakol’ko CPRI18E bola vytvorend za ucelom
preukazania vplyvu na okolie a nie okolia na podnik. Pre u¢el ZPH
je nutné skimat’ aj problematiku vplyvu okolia na podnik.
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Plan konferenci FBI a SPBI, z.s.

31. leden - 1. inor 2024 Ochrana obyvatelstva

Mezinarodni konference potfadana ve spolupraci s Fakultou bezpec¢nostniho inzenyrstvi
a MV-Generalnim feditelstvim HZS CR. V programu konference jsou zastoupeny
tématické obory: krizovy management, ochrana obyvatelstva, ochrana kritické
infrastruktury, nebezpecné latky. Cilem konference je vyvolat diskusi mezi odborniky
o zapojeni modernich technologii do systémi ochrany obyvatelstva.

24. - 25. duben 2024 Bezpecnost a ochrana zdravi pfi praci

Mezinarodni konference poradana ve spolupraci s Fakultou bezpe¢nostniho inZzenyrstvi,
Ministerstvem prace a socialnich véci CR a Vyzkumnym ustavem bezpeénosti prace,
v.v.i. Hlavni témata konference se tykaji novych vyzev v fizeni bezpeCnosti prace
a procesul.

16. kvéten 2024 Pozarni bezpe¢nost stavebnich objekti

Narodni konference pofadanad ve spolupraci s Fakultou bezpecnostniho inZenyrstvi.
Jednani konference je zaméfeno do oblasti tykajici se pozarni bezpecnosti staveb,
legislativnich postupll pii vystavbé, problematiky pozarné bezpecnostnich zafizeni
a logickych navaznosti bezpecnostnich a protipozarnich systémd.

11. - 13. €erven 2024 FIRE SAFETY

Pozarni bezpec¢nost jadernych elektraren - mezinarodni seminafr, ktery se kona vzdy
2 roky v Ceské republice a 2 roky na Slovensku. SdruZeni pozarniho a bezpe&nostniho
inzenyrstvi, z.s. ho spolupofada s Fakultou bezpe¢nostniho inZenyrstvi a Slovenskou
spolecnosti propagace védy a techniky. Seminaf je zaméteny na problematiku pozarni
bezpecnosti jadernych elektraren.

A

4. - 5. zari 2024 Pozarni ochrana

Mezinarodni konference poradana ve spolupraci s Fakultou bezpe¢nostniho inZzenyrstvi,
Ceskou asociaci hasi¢skych distojniki, z.s. a MV-Generalnim feditelstvim HZS CR.
Jednani konference je rozdé€leno do sekei: Pozarni ochrana, Technologie pro bezpec¢nost,
Protivybuchova prevence, Véda a vyzkum v pozarni ochran¢, Zkusebnictvi v pozarni
ochrang.

Vice informaci na www.spbi.cz.
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