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AHHOTauma. HedTAHaA NPOMbILWIEHHOCTb COMPAMKEHA C OFPOMHbBIMU 3KOIOTUYECKUMMU PUCKAMMU U MOMKET MPUBECTU
K NOCNeACTBMAM Ha CaMbliX Pa3HbIX YPOBHAX. ITO MMEET OTHOLLEHUE KaK K BOAE, BO34yXY, MOYBE, TaK U KO BCEM KUBbIM
CYLLECTBAM Ha Hallel naaHeTe. B 3TOM cBA3M NPOrHO3MPOBAHME 3KONOTUYECKMX NOCNEACTBUI NPU aBapUIAHbIX Pa3nMBax
HedTU ABNAETCA BECbMA aKTyasbHbIM. Kpome TOro, NporHo3MpoBaHWe aBapUMHbIX Pa3IMBOB HEDTU MOMKET BbITb UC-
No/sb30BAHO A/1A BbICTPON OLIEHKM MOCNEACTBUI B PaMKaX y¥Ke Npoun3oLLeuei aBapmm, a TakKe ana pa3paboTku naaHa
onepaTUBHbIX MEPONPUATUI NO IMKBUAALMM BO3MOKHbIX aBapUiA, CTPOALLMXCA 06 BEKTOB, CBA3AHHbIX C TPAHCMOPTUPOB-
KOM, XpaHeHMeM uUnun nepepaboTkon HedTenpoayKToB. Takum o6pasom, Lenb JaHHON paboTbl - NPeACTaBUTb NOAXOA,
OCHOBAHHbIV Ha 3HAHUSAX, U CUCTEMY €ro peasniM3aLun s NPOrHO3MPOBaHMA NOCAeACTBUI aBaPUIMHBIX Pa3IMBOB HEDTH
Ha 3emJ/ie 1 B FPYHTOBbIX BoAax. HoBM3Ha npeaaraeMoro noAxosa 3ak/104aeTcs B TOM, YTO OH NO3BO/IAET KOMMJIEKCHO
M CUCTEMHO MPOrHO3MPOBATh HedTAHbIE Pa3anBbl. [104AX04 COCTOUT M3 KOMMNOHEHTOB A/1 MOAE/MPOBAHUA reosornye-
CKOM cpeapbl (T.e. reonornyeckmx cnoes, Gopmbl pasimea HedTU, MUTPALUM HeDTU BMECTe C TPYHTOBbIMU BOAAMM), KOM-
MOHEHTA NOo MNPOrHO3MPOBAHMIO Pa3nBa HEGTU M KOMMNOHEHTA, CMATYAOLLLEro NOC/NeACTBUA 3arPA3HEHUA OKPYKatoLweln
cpeapbl. MOMUMO 3TOro, KOMMOHEHT, MO3BOAIOWMIA OCYLLLECTBAATL NPOrHO3MPOBaHWE, OCHOBAH Ha SKCMEPTHbIX 3HAHUAX
0 HedTAHbIX pa3nMBax. B nonosHeHWe, B aHHON CTaTbe NpeAcTaB/ieHa 06Wasn CTPYKTYpa peanunsaumm npeaioKeHHoro
noaxo4a, OCHOBAaHHOTO Ha 3HAHUAX, U ero OcyLLecTBleHWe B BUAe npototuna SoS-Ground

KntoueBble cnoBa: BHYTPEHHWUI HAHKOBCKUI PUCK, KOHUENLMA, MEHEAXKMEHT, LMdPOBbIE TEXHOOTMMU

Ona yntuposaHua: KannbateHe, [. OCHOBaHHbIN Ha 3HAHWUAX NOAXOZ NPOrHO3MPOBAHMA NOCNEACTBUIA HETAHbIX Pas3/in-
BOB Ha NMoBepxHoCTb 3emu. / . KannbateHe, A. bypmakosa, B. Cmenos // Undposas TpaHchopmaumsa. — 2020 —Ne 4 (13). —
C. 44-56. https://doi.org/10.38086/2522-9613-2020-4-44-56

Introduction.

Oil occupies a leading position in the global
fuel market, it is produced in 80 countries of the
world, 40% of the oil produced goes to the market.
The largest oil producers are Venezuela, Canada,
Iran, Iraqg, Kuwait, the United Arab Emirates, Russia,
Libya, Nigeria, and the United States. According to
statistics for 2019, at the end of 2018, Venezuela is
the leader in proven oil reserves, which accounts
for 47 billion tons of oil reserves or 17,7% of world
reserves (BP, 2019).

The most common and dangerous
consequence of the oil industry is oil pollution, which
is associated with almost all activities at all stages
of oil production, i.e., from research to refinement.
Other environmental impacts of the oil industry are
reflected in an increase in the greenhouse effect, the
appearance of acid rain, a decrease in water quality,
pollution of groundwater, etc. (Zhou, et al., 2019;
Nyssanbayeva et al., 2020).

Moreover, a high technogenic load of the
world oil complex causes risks associated with spills
of oil and oil products. In this regard, forecasting of
the environmental consequences of such accidents
becomes relevant. At the same time, forecasting
can be used to quickly assess the consequences of
an accident that has already occurred, as well as to
develop a plan of operational measures to eliminate
possible accidents and facilities under construction
related to the transportation, storage or processing
of petroleum products (Feng, et al., 2019).

Therefore, a number of authors have proposed
oil spill forecasting systems. However, the biggest
part of existing systems are developed for oil spill on
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the sea but not on the ground, what is completely
different by its nature. For this reason, we need an
approach, which takes into consideration the nature
of oil spill process on the ground and implement it
into forecasting system.

The aim of the paperisto presenta knowledge-
based system, which allows us to make a forecast
of oil spill on geological layers and to find out the
concentration of pollution in soil, ground and
groundwater.

The novelty of the proposed approach is that
it allows us to forecast the oil spill in a complex
and systematic way. It consists of components for
modelling geological environment (i.e., geological
layers, oil spill form, the oil migration with
groundwater), forecasting component for oil spill
and pollution mitigation component. Moreover,
the forecasting component is based on experts’
knowledge on oil spill.

The rest part of the paper is structured as
follows. In section 2, we review the related works on
knowledge-based systems for oil spill. In section 3, we
consider a knowledge-based approach to predict the
pollution of the geological environment as a result
of an accidental spill of oil products. In section 4,
a prototype in the form of web application of the
proposed knowledge-based system is presented.

Related Works.

Existing systems for oil spill forecasting.
In this section, we review some of the existing
forecasting and decision-making systems for oil spill.
According to (Davies, Hope, 2015), authors have
proposed a Bayesian environmental decision support
system based on logical inference for the selection
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of oil spill response strategies. This can minimize the
potential for non-optimal response strategies that
cause additional environmental and socio-economic
damage beyond the initial pollution. However,
these scenarios for the elimination of pollution are
presented only for the aquatic environment.

According to (Zhuk et al., 2017), the developed
Black Sea Geographical Information System (GIS)
provides automated data processing and visualization
on-line. New numerical models can be incorporated
in the GIS environment as individual software
modules, compiled for a server-based operational
system, providing interaction with the GIS. The
system architecture is similar to the knowledge-
based system presented, but it is also designed to
predict hydrosphere pollution.

Authors of (Lehikoinen et al.,, 2012) has
developed a prototype for risk assessment and
decision support model, applying Bayesian Networks,
for the evaluation of environmental risks arising from
the oil transport. The proposed model can be used
to compare the effectiveness of some preventive
management actions and oil recovery against the
accident risk. However, as authors state, the results
presented are only indicative on how the tool could
be utilized in choosing an optimal risk control option.
The modelling of the effects of preventive actions
on the maritime traffic risks needs to be further
developed.

In (Denzer et al., 2011), authors have
presented a support system based on cismet’s
geospatial application suite. It integrates several
tools and models into a holistic, user-centred
application. However, authors have not presented
any architecture of the proposed application.

Other decision support systems (DSS) also
known as the following. A web-based decision
support system proposed to facilitate emergency
management in the case of oil spill accidents, called
WITOIL (Where Is The Qil) and applied to create
a forecast of oil spill events, evaluate uncertainty
of the predictions, and calculate hazards based
on historical meteo-oceanographic datasets in
(Liubartseva et al., 2016). In (Amir-Heidari & Raie,
2019), a general DSS is proposed for passive and
active response planning in Persian Gulf, before
and after a spill. It is based on NOAA’s advanced oil
spill model (GNOME), which is linked with credible
met-ocean datasets of CMEMS and ECMWEF. The
developed open-source tool converts the results
of the Lagrangian oil spill model to quantitative
parameters such as mean concentration and
time of impact of oil. The tool was tested in both

46

deterministic and probabilistic modes, and found
to be useful for evaluation of emergency response
drills and risk-based prioritization of coastal areas.

In (Ribotti et al., 2019), an oil spill forecasting
system have been presented to support the
management of emergencies from the oil fields in the
Italian seas. The system provides two online services,
one automatic and a second dedicated to possible
real emergencies or exercises on risk preparedness
and responding. The automatic service produces
daily short-term simulations of hypothetical oil spill
dispersion, transport, and weathering processes from
each extraction platform. The hazard estimations are
computed by performing geo-statistical analysis on
the daily forecasts database.

Summing up, the existing proposed decision-
support and forecasting systems for oil spill are
used for oil spills on water mainly, but not on the
ground. Moreover, some of the information systems
presented are designed only for forecasting of oil spill
or only for supporting decision-making. Therefore,
there is a need for a complex knowledge-based
system for oil spill forecasting on the ground.

Forecasting modelling for oil spills. In this
section, we analyse models and techniques used for
oil spill forecasting.

According to (Chiu et al., 2017), authors used
vector summation of the ocean current velocity and
3% of the wind speed to determine the trajectory of
the oil slick on the water.

In order to reveal the major errors sources
and improve the accuracy of the forecasting system,
the authors of (Li et al., 2019) designed five numeric
simulation scenarios. But the error of wind and the
inaccuracy released time of oil were the major error
sources of the oil spill forecasting.

In (Wang, 2017), authors used the method
of polynomial chaos to quantify the uncertainty
in the forecast of circulation in the Gulf of Mexico
caused by uncertain initial conditions and data on
wind exposure. The input uncertainties consisted
of the amplitudes of the perturbation modes, the
spatiotemporal structure of which was obtained from
the expansions of empirical orthogonal functions.
However, a model built on the basis of this method
is quite sensitive to parameter variations. According
to (Hou, 2017), an oil spill forecast is quantified
by comparing a forecast probability map with a
corresponding simulation of reverse gears. This
approach implements Monte Carlo simulations to
provide parameters for creating forecast probability
maps. A simple statistical model based on HyosPy
was developed to assess the reliability of the oil spill
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forecast in terms of confidence. In (Janeiro,2014),
a set of nested models was implemented in the
philosophy of downsizing caused by external
operating products. According to (Hodges, 2015),
authors used the real-time forecast uncertainty,
which are added in each modelling step and the new
parameters are introduced.

Summing up, the analysis of the used
approaches and techniques for oil spill forecasting are
suitable for water, but not on the ground. According
to the specifics of the aquatic environment, the
distribution of oil products will occur in a different
way compared to the geological environment.
Moreover, the analysed models are built for a rather
narrow problem, for example, to calculate the shape
and area of a spill, or only the probability of a spill
in certain situations, which does not give a complete
view of the pollution and its consequences.

Therefore, itisfoundthatthetopicof protecting
the geological environment is insufficiently covered,
which makes our knowledge-based approach viable.

A knowledge-based approach for forecasting
of oil spill on the ground

The main concept of the approach. The main
idea of the knowledge-based approach for forecasting
of oil spill on the ground is presented in Fig. 1. It
consists of four main parts corresponding to layers
of the geological environment as the following: the
surface layer (Surface), the soil layer (Soil), the ground
layer (Ground) and groundwater layer (Underground
water). At each part, certain parameters, used for
future prediction, are calculated. Based on those
parameters, the proposed approach allows us to
predict the following: 1) the depth of penetration
of oil products into the soil and ground, 2) the
mass of oil product adsorbed by the ground and its
concentration, 3) the residual mass of the oil product
that can reach groundwater, 4) the time to reach the
maximum concentration at the groundwater level,
and 5) describe the horizontal redistribution of oil
product with groundwater.

The knowledge-model used for forecasting
is presented as the following. In many cases, it is
impossible to collect complete and reliable data of
all parameters in the approach used to calculate and
forecast the pollution. Therefore, the knowledge of
qualified specialists are used. First, each case of oil
spill we express as a vector (see eq. (1))

(TypeOP, TypeGr, V., S, a, H,, H, ), (1)
where TypeOP is the type of oil product (OP),

TypeGr — type of ground, V, — volume of spilled oil
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expressed in m?, S - stain area in m?, a — surface
angle, H,— maximum depth of penetration of OP into
the soil in m, H, — maximum depth of penetration
of oil products into the ground expressed in m.

In the general case, n cases can be given in the
form of a matrix (see eq. (2)).

TypeOP' TypeGr* V' S*' o' H H!

TypeOP? TypeGr* V? S? a* H}? H?

TypeOP® TypeGr® V* S?* o’ H} H} (2)

TypeOP" TypeGr” V" S" a” H) HS

In the case if a particular attribute is unknown,
it is defined as undefined. For example, in the first
case in the matrix (3), the type of oil product is
unknown, in the second case — the volume of spilled
OP, in the third case - the area of spilled OP, and

in the last case — the type of OP and the amount of
spilled OP.

undefined  TypeGr? A s/t al HH?
TypeOP? TypeGr? undefined S? o2 H2H,?
TypeOP®  TypeGr? V.2  undefined o H}H? (3)
undefined  TypeGr" undefined S,” o’ H," H,"

In the simplest case, only one component is
unknown as presented in eq. (3).

Second, main forecasting rules based on
expert’s knowledge are defined as the following:

1. IF the type of OP is unknown, but it is known
that the OP has reached the ground, THEN the case is
as follows eq. (4):

(undefined, TypeGr, V,, S, a, H,, H, ) . (4)
First, based on eq. (4), we express the value of

t}(e surface tension of the oil product (5): )

5 = M, x50, , (5)

° h3x51xm3xw3xpw

where 6 is the OP surface tension coefficient
measured in kg/s>, M, — ground mass adsorbed
by the ground layer in kg, 6 — surface tension
coefficient of water in kg/s2, h, — ground layer height
in m, m, — soil porosity (from 0 to 1), w, — capillary
moisture capacity of the soil (from 0 to 1), and p, -
water density in kg/m.,.

Second, we determine the type of OP be
searching for an extremum (see eq. (6)):

|6,— 6,1 >min,i=1,..,k (6)
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where 60" are reference values of the surface tension
of petroleum products.

2. IF it is known that the OP was completely
adsorbed in the soil and did not enter the ground,
THEN the density of the OP can be expressed by
eq. (7):

M
- (7)

Po = h2><$1><u2

where p — OP density, in kg/m?, M, — ground
mass adsorbed by the soil layer in kg, h, — soil layer
height in m, u, — the amount of OP that the soil can
absorb.

We determine the type of OP be searching for
an extremum (see eq. (8)):

|p0 _piol - minl i= 1., kl (8)

where p”0 are reference values of the density of
petroleum products.
3. IF the type of ground is unknown, THEN

eq. (9)

(TypeOP, undefined, V,, S

o’ 1

O Hy,H).  (9)

First, a quantity characterizing the type of soil
can be expressed as in eq. (10).
M
e (10)
h3 X 51 xp, % —0

w

m3>< W3=

Second, the type of ground is determined by
finding an extremum in eq. (11).

| mxw—m'xw/ | > min,i=1,..,Kk (11)
where m'  and w'_ are reference values of porosity
and capillary moisture capacity of the ground. By
defining m’, and w', minimizing the difference
| m,x w, —m’' xw | you can find out the type of
ground.

4. IF the angle a of inclination of the surface is
unknown, THEN see eq. (12).

(TypeOP, TypeGr, V,, S,, undefined, H,, Hg). (12)

5. IF the area of the strait and the type of OP

are unknown, THEN see eq. (13).

( undefined, TypeGR, V,, undefined, a, H,, H3>- (13)
The type of oil can be determined by eq. (5).

In the event that the OP was completely adsorbed
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in the soil. The type of OP is reduced to the case
described above in eq. (7).

6. IF the area of the spilled OP and the type of
ground are not known at the same time, THEN see
eq. (14).

(TypeOP, undefined, V,, undefined, o, H,, H,) (14)

For this case, the calculation of unknown
guantities reduces to eq. (10).

7. IF area of spilled OP and the depth of
penetration of OP into the ground is unknown, THEN
see eq. (15):

<TypeOP, TypeGr, V,, undefined, o, H,, undefined). (15)

Additional equations used for calculations are
presented in Annex 1. For more details about the
mathematical model also see (Smelov et al., 2018;
Burmakova et al., 2018).

The general architecture of knowledge-based
forecasting of oil spill on the ground system. In
this section, we present a general architecture to
implement the proposed approach. The knowledge-
based forecasting system consists of six main
components as the following (see Fig. 2). Component
F (forecasting component) receives initial data on the
amount, type and location of the oil spill. The result of
this component is a report on the effects of pollution
and is placed in the database. Component F operates
as presented in the described approach. Component
P (component for assessing the predicted state)
receives data from Component F and compares the
values of the forecast result with the standards for
maximum permissible concentrations. Component
C (component for the classification of the predicted
state) is developed to classify the conditions of the
geological environment. Component R (component
for choosing rehabilitation technologies) generates
a final report that contains a list of rehabilitation
technologies. Components O and H are reference
components developed to store information
about technologies objects whose activities are
associated with the handling of petroleum products
and information on the chemical composition of
petroleum products, respectively. These components
are part of the database as reference data.

Components F, P C and R are the
implementation of the proposed approach thatallows
to predict the consequences of an incident involving
a spill of oil products (component F), to evaluate
(compare with standard values) the predicted values
of the degree of pollution of soil and groundwater
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Fig. 1. The knowledge-based approach for oil spill forecasting on the ground
Puc. 1. OcHOBaHHbIM Ha 3HAHWAX NOAXOA, K MOCNEACTBUIO 3arpPA3HEHUA re0I0TMYECKON cpeapl
B pe3y/bTaTe aBapUMHOro NPo/siMBa HedTenpoayKTOB.

Initial data
" 3
Nature - — = —» |Component aFs| ~ — — — = = = — = | Map data
conservation @ :
facilities
—_—h

Component «R»

-

Technogenic
objects

Component «P»

N Physico-
chemical
properties of
the oil
product

Fig. 2. The architecture of knowledge-based forecasting system for predicting the effects of geological pollution due to oil spills
Puc. 2. ApXMTEKTYpa CUCTEMbI NOCNEACTBUI 3arpsA3HEHUS Te0NI0TMYECKOM cpeabl B pesysibTaTe
aBapUIHOTO NPoMBa HeTENPOAYKTOB.

(component P), and also classify the predicted
state of the geological environment (component
C) and propose technologies and technical means
for rehabilitation of the geological environment
(component R). Each of these components in its
work uses reference information presented in the
form of electronic reference books and generates
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a report containing calculated predicted values. In
Fig. 3, a scenario in the form of a sequence diagram
of Components communication through messages
during the forecasting process is presented.

As presented in Fig. 3, the user through an
interface enter or select calculation parameters, as
well as receive a report reflecting the results of the
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Fig. 3. The scenario of forecasting process
Puc. 3. CueHapuii npouecca NocNeacTBUIA 3arpA3HEHNA reoIorMUYecKoi cpeabl
B pe3y/bTaTe aBapUMHOIo NPoMBa HePTENPOLYKTOB.
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Fig. 4. The deployment diagram of the proposed architecture
Puc. 4. Cxema pa3BepTbiBaHUA Npes/iaraeMoin apXMTeKTypbl.
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Puc. 5. Monb30BaTeNbCKUIA MHTEPOEIC CUCTEMbI NOCNEACTBUIA 3arpsA3HEHNS Te0N0rMYEeCKol cpeapbl
B pesy/ibTaTe aBapUItHOTO NPOAMBA HEPTENPOAYKTOB.

1. The surface layer

r R data

Spreading coefficient (m™!)
Specific value of oil product emissions (kg / m?)

_ Calculati

The mass of oil on the surface layer (kg)
Ground contamination spot area (m?)

Spot radius with uniform spreading (m)
Ground stain thickness (m)

The mass of the evaporated oil product (kg)

750000
7512
48
0.1331
75119

r Ground stain form

2. The soil layer

r Reference data

Qill intensity of the soil 0.1
The average height of the soil layer {m) 0,175

T
The mass of oil on the soil surface (kg) 6748581,1
The mass of oil adsorbed by the soil (kg) 96593,52
The maximum depth of penetration of oil into the soil (m) 0,175

3. Ground layer

- Reference data
Ground type clay loamy
Average ground density (kg { m®) 1750
Coefficient of filtration by ground of water (m / g) 0,19
The delay coefficient of ground in the soil 852
Ground porosity 309
Capillary ground moisture capacity 20,57
Water density (kg / m7) 99829
Coefficient of surface tension of water (kg / s%) 0,073
Substrate Thickness (m) 45

B hian
0il mass reaching the soil layer (kg) 376287.6

The rate of vertical penetration of oil into the =oil (m [ 8)
Maximum depth of penetration of cil inte the =il (m)
The maximum concentration of oil in the 20il (kg ! kg)
The mass of oil adsorbed by the ground (kg)

0,00223005 = 192,68 (micyTra)
45

0,00974181 = 9742 (mrixr)
576288

Fig. 6. SoS-Ground forecasting report

Puc 6. OTYeT NPOrHO3UPOBAHMUA CUCTEMbI NOCNEACTBUI 3arpA3HEHUS reo0rMyeckon cpeapl
B pe3y/bTaTe aBapuUMHOIo NposavBa HedTeNPOLYKTOB.
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forecasting. The results of data processing of each
component are stored in the database for their
subsequent use. The user can view the report of the
forecast stored in the database.

Implementation of the proposed approach.
The proposed knowledge-based forecasting
architecture is implemented into a prototype, named
the Knowledge-based Forecasting System for Qil Spill
on the Ground (SoS-Ground) (Fig. 4). SoS-Ground
is implemented as a web server based on ASP.NET
4.5 technology. MVC 5.0. For the implementation
of the database of SoS-Ground, Microsoft SQL
Server 2012 was used. Along with custom data, the
database also stores a spatial data in the form of
electronic maps with additional attributes (type of
soil, groundwater depth, water protection zones,
altitude, administrative division, etc.).

In Fig. 5, a user interface implementation in
SoS-Ground is presented. In Fig. 6, an example of
the forecasting report for oil spill on the ground is
presented.

In Fig. 7, the implementation schema of the
interface in web application is presented.

Conclusion. The analysis of the existing
forecasting systems for oil spill shows that they
are developed for the forecasting of oil spill on the
water, but not on the ground. Moreover, because of
the specifics of the aquatic environment, the existing
forecasting approaches are not suitable for oil spill
forecasting on the ground. As well, it is determined
that the analysed models are built for a rather narrow
problem, like, to calculate the shape and area of an
oil spill, or only the probability of a spill in certain
situations, which does not give a complete view of
the pollution and its consequences.

In this paper, we propose a new knowledge-
based approach for oil spill forecasting on
the ground. Our main contribution is that the
proposed approach allows us to forecast the oil
spill in a complex and systematic way. It consists of
components for modelling geological environment
(i.e., geological layers, oil spill form, the oil migration
with groundwater), forecasting component for oil
spill and pollution mitigation component. Moreover,
the forecasting component is based on experts’
knowledge on oil spill.

According to the proposed approach, a general
architecture for is put forth. This architecture
was implemented into the SoS-Ground prototype
and the case study shows correspondence to the

DIGITAL TRANSFORMATION, No 4 (13), 2020

forecasting of oil spill on the ground needs, as well
as possibilities for decision-making based on the
proposed forecasting approach for oil mitigation.

The topics for the future research are as
follows: extending the proposed approach, detailed
description of the knowledge part of the approach,
improving SoS-Ground, making more detailed
verification of the results.

Annex 1.

Here the main equations used
calculations are presented as the following.

The area S1 of the pollution spot (m2) is
calculated by eq. (A1).

in the

S,=V,xd, (A1)
where V- the volume of spilled OP (m?), d, —
the spreading coefficient of the NP (m-1).
The mass M, of the evaporated oil product (kg)
is calculated by eq. (A2):
M,=5 -q,(T) (A2)
where g, (T) is the specific value of oil product
emissions (kg/m?2).
Soil adsorbed mass M2 of OP (kg) is calculated
by eq. (A3):
M, =S xh,xu,xp, (A3)
The maximum depth of penetration of H, OP
into the soil (m) is calculated by eq. (A4):
M —-M

H,=hx (A4)

2
where H2 — maximum depth of penetration of
OP into the soil (m), MO — the mass of spilled OP (kg).
The mass of M3 OP adsorbed by the ground
layer (kg) is calculated by eq. (A5):
60
M3=h3x51xpwxm3xw3x5— (A5)
The maximum penetration depth of H, OP into
the soil (m) depends on the mass adsorbed in the
ground is calculated by eq. (A6):

M - (M +M)
x ————2L M~ (M,+M,)<M,;

H = M3
h,M,~(M,+M,)>M,,

(A6)
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