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ARTICLE INFO ABSTRACT
Keywords: For three-dimensional (3D) risk assessments, the scalar fields of risk can be clarified so that the
Three-dimensional risk assessment risk value at any point in 3D space can be obtained. Notably, the 3D risk function can be used to

Field theory
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calculate the surface integral to reveal the overall risk level in a certain area. As a result, a novel
field theory-based 3D risk assessment method called the regional overall risk assessment (RORA)
is proposed in this study. The regional overall risk (ROR) is introduced to describe the overall risk
level of the assessed area. The corresponding definition and algorithm of the ROR are determined.
The selection rule of the surfaces, which are used to create the surface integrals and compute the
ROR, is also provided and discussed. To demonstrate the effectiveness of the RORA, the 3D risk
caused by biomass gasification stations is utilized to conduct a case study. For the assessed area
(Huangtukan Village and Yanjia Village), values of ROR are 29.5787 and 39.3858, respectively.
The results represent accurate overall risk levels of the assessed areas and can provide effective
guidance for risk prevention in the assessed areas, including land-use planning and safety plan-
ning. Moreover, the validity and availability of the proposed RORA is verified by a sensitivity
analysis. The prospects and limitations of the RORA are also analyzed and discussed in this work.

1. Introduction
1.1. Background

Three-dimensional (3D) risk assessments constitute an effective method within regional risk assessments. A scientific model of
regional risk assessment can provide strong support for the risk management systems [1]. Various methods focus on the evaluations of
individual risk, societal risk and risk isolines [2]. In some cases, regional risk assessments can also be called risk mapping, and has
practical applications for risk assessment, risk management and risk prevention. It has been widely applied in public health, emergency
management, disaster control and other fields [3-5]. Research of regional risk assessment effectively promotes the improvement of risk
assessment theory. With the development of regional risk assessments, some scholars have noticed that some shortcomings exist in
two-dimensional (2D) risk assessments. Among these shortcomings, the lack of height parameters may affect the assessment results.
Suddle and Ale indicated that height became an important parameter for regional risk assessments because different functions are
layered in 3D space [6,7]. With the addition of height to regional risk assessments, 2D risk assessments were improved and a risk
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isosurface can be employed to evaluate risk in 3D space. Therefore, it has important significance to research and develop 3D risk
assessment.

1.2. Literature review

1.2.1. Application of 3D risk assessment

Risk is an objective quantity used to describe the degree of harm to hazards [8]. For the 3D risk assessment, the magnitude of risk
value is associated with the spatial coordinates. Yet-Pole and others performed meaningful exploratory work regarding 3D risk as-
sessments [2,9,10]. In their work, 3D risk and risk isosurfaces were calculated based on the postprocessing of computational fluid
dynamics (CFD) simulations. These results contribute to enhancing the accuracy of quantitative risk assessments (QRAs). As a result,
3D risk assessments have practical applications in the fields of environmental risk assessments of mining practices, rockfall risk as-
sessments, and risk assessments of radiation in nuclear industries [11-13]. It is necessary and significant to develop 3D risk assess-
ments because 3D risk assessments have practical advantages for regional risk assessments. Suddle and Ale proposed a comprehensive
model for 3D risk assessments that involved calculations of isosurfaces with respect to individual risks and societal risks [7]. Yet-Pole
and Cheng pointed out that CFD simulation can be integrated with 3D risk assessments [2]. Then, the spatial distribution of 3D risk for
a storage tank area was obtained by their proposed methodology. Lisbona et al. integrated topography and 3D CFD models to provide
higher levels of confidence in predictions of the consequences of accidents [14]. Hence, the 3D risk caused by CO, pipelines was
evaluated, and its contours were confirmed. Similarly, Scarponi et al. also took advantage of a fully 3D CFD model to assess the risk of
pressure vessels exposed to fire [15]. The results showed that the risk values calculated by the 3D risk assessment were more precise
than those obtained through other methods and that the 3D risk assessment will be helpful in supporting risk management strategies
and emergency response planning. In the Li et al. study, an early warning model of tailings dams was established based on 3D spatial
simulations and 3D risk calculations [16]. It is clear that 3D simulation-based risk analyses will provide the bases to make more
reasonable engineering decisions, protection measure designs, emergency evacuations and other risk prevention measures.

1.2.2. Field theory-based 3D risk assessment

Previous research on 3D risk assessments has mainly focused on the calculation and evaluation of 3D risk itself. Moreover, 3D risk
assessments have the potential to provide more detailed and deeper analyses because they can provide scalar fields of 3D risk. Ac-
cording to field theory analyses in physics [17], scalar fields can be converted into vector fields, and corresponding parameters,
including gradient, surface integral, flux can be introduced to perform various analyses. Huang et al. proposed a system risk analysis
approach called the improved risk field [8]. Risk field is a typical 3D risk assessment method. It can explain the formation process of
system coupling risk in a real-world case. In our previous work, risk gradients were explored and researched based on field theory
analyses [18]. A field theory-based 3D risk assessment was developed, and a novel method called the optimization of risk reduction
(ORR) was proposed. The ORR can use a risk gradient to confirm the optimal risk reduction route (ORRR) based on the steepest descent
method. Then, valid risk control measures can be made according to the calculation of the ORRR. Moreover, previous research has
indicated that the development of field theory-based 3D risk assessments has practical application prospects for risk prevention and
control. For example, risk-based design and risk maps can be utilized to conduct land-use planning for process industries [19-21]. The
key of land-use planning is the evaluation of risk (such as contours of individual risk, risk rankings, calculations of overall risk, etc.).
Regarding studies of safety capacity, it is necessary to evaluate the overall risk for the assessed target so that the actual risk level can be
compared with the acceptable regional risk level [22,23]. Then, corresponding risk control measures can be implemented based on the
analysis of safety capacity. Therefore, it is clear that the 3D risk surface integral can reflect the overall risk level of an assessed area
according to field theory [17]. The calculation and evaluation of the overall risk in an assessed area may lead to improvements in the
applications of regional risk assessments. Further research on and development of 3D risk surface integrals applied in 3D risk as-
sessments are necessary and significant, but the existing literature lacks relevant reports.

1.3. Research goal

In summary, it is feasible to process 3D scalar fields to determine regional risk. The surface integral can be introduced to describe
the overall risk level in a certain area. Risk varying with spatial coordinates can be clearly identified. Thus, the assessment results can
provide more effective guidance for risk prevention and control of hazards and the areas in which hazards are located. In order to
achieve this goal, a novel field theory-based 3D risk assessment method called the regional overall risk assessment (RORA) is studied in
this article.

2. Methodology
2.1. Definition of field theory-based 3D risk assessment

Field theory-based 3D risk assessments are used to evaluate the hazard risks in process industries [18]. Therefore, hazardous
materials and the energy released by these hazards need to be analyzed and computed first [24]. Then, the 3D risk can be assessed.
Generally, accident risk is confirmed by thermal radiation, overpressure, concentrations of noxious gas, etc. A corresponding math-
ematical model can be introduced to calculate the spatial distributions of these risk components. Consequently, certain 3D risk values
representing arbitrary points in a spatially assessed area can be calculated, and the spatial distribution of the 3D risk can be confirmed.
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Assuming x, y, and z denote 3D coordinates, F (X, y, z) is employed to describe the scalar field of 3D risk [25,26]. Meanwhile, Eq. (1) is
introduced to calculate the risk isosurface, and the spatial distribution of 3D risk is visually reflected by the risk isosurface [2]:

F(x,y,z)=c (€D

where c is constant.

Subsequently, the 3D risk with respect to the assessed area can be computed. Generally speaking, the 3D risk is confirmed based on
its severity and probability [27-30]. As previously mentioned, 3D risk is confirmed by hazardous materials and energies, and their
spatial distributions can be expressed using corresponding mathematical models. Hence, the spatial distributions of hazardous ma-
terials and energies can be converted into a severity value, and the severity can be denoted as E (x, y, ). The probability of risk is
confirmed based on the accident itself and is embodied as a certain value. Then the compensation factor is also employed to make
calculation of 3D risk. Its value range is set as [0, 1] while its value depends on the implementation of safety measures. If the per-
formance of safety measures is worse, the value of compensation factor will be closer to 0. On the contrary, better safety measures will
result in the value closer to 1. Then, the universal algorithm of 3D risk is shown in Eq. (2).

Fi(x7y7 Z) :giﬁEi(x7y7 Z) (2)

where Fi(x, y, 2) denotes the 3D risk, ¢; denotes the compensation factor caused by the safety measures, f; denotes the probability of risk
i, and E; (x, y, 2) denotes the severity.

In general, multiple hazards may be considered in a 3D risk assessment of an assessed area. To evaluate risks caused by multiple
hazards, the 3D risk can be superposed as shown in Eq. (3) below:

Fi(x,y,2)= Zny, 3)

where Fy(x, y, 2) denotes the superposed scalar field of the risk.
2.2. Regional overall risk

Assuming a scalar field A(F) of risk exists in 3D space, its corresponding function is confirmed by the 3D risk Fi(x, y, 2) (Eq. (2)).
Then, the surface integral of surface S is applied, as shown Eq. (4) [17], and the obtained value of ¢ is called the regional overall risk
(ROR). The value of ¢ represents the ROR on a certain surface S. Eq. (4) can be expressed as follows:

@ ://F(x, y,2)dS @
2

where ¢ denotes the ROR on the surface S.

In addition, the calculation of the surface integral conforms to the principle of additivity. Assuming that the scalar field function has
various surfaces on which to calculate the surface integral, the superposed value of the surface integral is calculated by Eq. (5) [17]. For
a field theory-based 3D risk assessment, the ROR can be evaluated by computing various surface integrals. However, the risks eval-
uated by various surface integrals are totally different from each other. For instance, the risk of the assessed area calculated in each
certain direction must be different because external factors (such as the population density, geographical factors, building layout, etc.)
of the assessed areas are different. Therefore, the weight of each surface integral needs to be considered, and Eq. (5) is modified to
become Eq. (6) to facilitate the superposition of surface integrals. The resulting calculation result represents the ROR of the assessed
area with respect to various surfaces. Egs. (5) and (6) can be expressed as follows:

=Q, o+ +o,

()]
= // F(x,y,2)dS= // (x,y,2)dS, + // (x,y,2)dS> + .. +// (x,y,2)dS,

2=,

where ¢, denotes the superposed value of the surface integral;

Q=i ;) + 0L, + ... + 0,0, (6)

where w denotes the corresponding weight of the surface integral with respect to a certain surface.

The ROR can be introduced to reflect the amount of risk within a certain area. As a result, it can be utilized to evaluate hazards, and
the risks caused by hazards can be quantitatively assessed based on the calculation of the ROR. It not only takes into account risks with
respect to the assessed hazards themselves but also considers the impacts of regional coordinates on the assessed risk receptors.
Moreover, multiple surfaces can be constructed on which to calculate the surface integral. Then, more comprehensive and reasonable
assessment results can be obtained.
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2.3. Evaluation steps

The ROR can be employed to evaluate the magnitudes of risks caused by hazards in a certain area. Thus, a novel field theory-based
3D risk assessment method called the RORA is proposed. As previously mentioned, in the calculation of the ROR, 3D risk first needs to
be calculated. Then, the surface should be confirmed to calculate the surface integral so that the ROR can be obtained. The key point in
the ROR calculation is the selection of the surface. However, the ROR calculated by a single surface may not fully reflect the mag-
nitudes of the risks caused by hazards. Hence, multiple surfaces need to be confirmed to make a comprehensive assessment, and the
weight of each surface should also be confirmed. Finally, a 3D risk assessment of the assessed area can be made based on a
comprehensive evaluation of the ROR, and this assessment can guide risk prevention and control measures for the assessed area [31].
The framework of the proposed method is provided in Fig. 1, and the main steps of the proposed RORA method are listed below.

Step 1: Risk identification of hazards in the assessed 3D area. The amount and number of hazards and the species of hazardous
materials contained in the hazards need to be clarified. Then, corresponding accidents caused by hazardous materials should be
confirmed. The spatial data must be confirmed with respect to hazards, risk receptors and the assessed area, including the location, size
and scope of the assessed area boundary. Subsequently, a spatial rectangular coordinate system is established to prepare for the next
steps.

Step 2: Calculation of the 3D risk. The 3D risks caused by hazards are calculated using Eq. (2). The compensation factor, &, is
confirmed based on the implementation of safety measures and is set as a constant. The probability of risk, f, is confirmed based on the
probabilistic risk assessment (PRA) and is set as a constant. The severity, E (x, y, 2), is calculated according to the relevant hazardous
materials and energies. To simplify this calculation, the assessed hazards are regarded as certain points in space. Consequently, a
function of the 3D risk can be obtained, as shown in F (x, y, 2).

Step 3: Selection of surfaces. According to the mathematical and physical meaning of surface integral, value of surface integral can
represent the cumulative amount of a physical variable in a certain region. 3D risk caused by hazards is reflected by several physical
variables including thermal radiation, overpressure, etc. Notably, calculation of surface integral with respect to 3D risk F (x, y, 2) will
indicate the overall risk in the assessed area. To evaluate the magnitudes of the risks in the assessed area, surfaces are utilized on which
to calculate surface integrals so that the ROR can be obtained, thus reflecting the overall risk degree for the assessed area. In
consideration of the physical characteristic of risk factor (thermal radiation, overpressure ...), hemisphere surfaces and planes
perpendicular to the ground are used to calculate the surface integrals (Fig. 2). The value of a surface integral with respect to a
hemisphere surface can represent the overall level of risk for an assessed area. Meanwhile, the value of a surface integral with respect to
a plane perpendicular to the ground indicates the magnitude of risk in a portion of the assessed area. Subsequently, the ROR of an
assessed area can be computed based on the comprehensive consideration of the calculation results of the ROR with respect to the
above two kinds of surfaces.

Step 4: Confirmation of the surface equation. The selected surfaces include two kinds of surfaces, i.e., hemisphere surfaces and

Frequency

Compensation factor,

Fi(x,y,2) = & f,E,(x,7,2)

Hemisphere )

Plane perpendicular
to the ground

|Ax + By + Cz+ D=1

P =0,P +O, P, +..+ O P
Legend
Fix,y,z): 3D risk

&; : compensation factor caused by the safety measures

f; : probability of risk i

Ei(x, y, z): severity

w: weight of the selected surface

R: double-maximum distance from the center of the assessed area to the boundary
(x0,0,20): coordinates of the center of the assessed area

A, B, C, D: coefficient of equation for the plane perpendicular to the ground

\
(x—x,)’ +(y=y,)’ +(z -2,/ =R]

Fig. 1. Flowchart of proposed method.
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N

Hemisphere Assessed area  Plane perpendicular

to the ground

Fig. 2. Two kinds of surfaces.

planes perpendicular to the ground. The cross-section of a the hemisphere surface and horizontal plane is a circle, and the center of the
circle coincides with the center of the assessed area. Hence, the hemisphere surface equation is confirmed by the radius, i.e., the
maximum distance from the center of the assessed area to the boundary and coordinates of the center of the assessed area. The general
type of surface equation with respect to a semi-spherical surface is shown in Eq. (7). Considering that hazards may be located at the
boundary of an assessed area, the value of R is set to be twice the value of the maximum distance from the center of the assessed area to
the boundary. Regarding the plane perpendicular to the ground, its height is equal to the value of R, and its bottom edge coincides with
a certain boundary of the assessed area. The general type of surface equation used for the plane perpendicular to the ground is shown as
Eq. (8). Consequently, the corresponding surface equations are constructed based on the established spatial rectangular coordinate
system. Egs. (7) and (8) can be expressed as follows:

(x—x0) + (=) +(z—2)=R @)

where R denotes the double-maximum distance from the center of the assessed area to the boundary and (xo,yo,20) denotes the co-
ordinates of the center of the assessed area;

Ty i ®)

where A, B, and C are defined as intercepts and are confirmed based on the actual size of the plane and the spatial rectangular co-
ordinate system.

Step 5: Calculation of the ROR. The ROR for the whole assessed area is confirmed by the superposition of each surface integral with
respect to multiple surfaces. The surface integral obtained from the hemisphere surface is used to reflect the overall risk degree for the
assessed area, and the surface integral obtained from the plane perpendicular to the ground is utilized to describe the magnitude of the
risk in the assessed area in a certain direction. Therefore, the proposed framework in this study employs one hemisphere surface and
several planes perpendicular to the ground to make evaluations. The number of planes perpendicular to the ground is determined by
the evaluation requirement and actual situation. As previously mentioned, the superposition of the ROR is made by Eq. (6). The
corresponding weights need to be considered. Subsequently, a pairwise comparison and a 1/9-9 scale-based analytic hierarchy process
(AHP) are employed to confirm the weights of the surfaces [32]. In order to reduce the impact of uncertainty on the assessment results,
no less than 10 experts in the related field from different professions should be invited to confirm the judgment matrix. For any 1/9-9
scale-based judgment value, it needs to be agreed with all invited experts, otherwise it will be rejudged. Four factors, including ca-
sualties, property damage, environmental impact and social impact, are introduced to evaluate the weight of the selected curved
surface according to the conventional risk assessment method [33]. For the classification of the assessment indices used to perform
analysis by the AHP, the efficacy contributing to the overall risk is set as the overall objective, the above four factors are set as middle
factors, and the selected surfaces are set as criteria. The indices are established and are shown in Fig. 3. Consequently, the ROR is
calculated based on the obtained weights and Eq. (6), and the overall risk degree of the assessed area can be evaluated according to the
calculation results.

Overall
objective

Middle
factors

Criteria

Fig. 3. Classification of assessment indices.
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3. Case study

The calculation of the ROR can be used to describe the overall risk degree of an assessed area. On the other hand, the calculation of
the ROR can be utilized to make system risk analysis so that risk prevention and control measures for hazards can be confirmed. To
demonstrate the availability and efficiency of the ROR applied in the system risk analysis, the proposed RORA is used to conduct a 3D
risk assessment of biomass gasification stations as a case study.

Biomass gas is generated through pyrolysis reactions and anoxic combustion at biomass gasification stations, and generated
biomass gas is used to meet the daily needs of users [34]. Owing to the consideration of economic factors, the distance between each
user and the biomass gasification station should be as short as possible. Moreover, biomass gasification stations should be built in
villages to fulfill the requirement of facilitating the local collection of biomass materials. Moreover, each biomass gasification station
includes one or more storage tanks, and the produced biomass gas is stored in the storage tanks before being delivered to each user. The
biomass gas storage tanks contain many flammable and explosive substances, including CO, Hy, and CHy4 [34]. Therefore, fire and
explosion risks caused by biomass gas storage tanks also need to be considered when confirming the locations of biomass gasification
stations. In this study, the Huangtukan Village biomass gasification station and the Yanjia Village biomass gasification station
(hereafter referred to as the ‘Huangtukan station’ and ‘Yanjia station’; Figs. 4 and 5) are introduced to perform a 3D risk assessment
using the RORA [34]. The two stations are located in Shenyang city, Liaoning Province, Northeast China. Huangtukan station is located
at 122.767°E, 41.718°N, and Yanjia station is located at 123.750°E, 41.996°N.

Basic information regarding the above two villages is collected to support the reference conditions for the weight calculations of the
selected surfaces (Table 1). Meanwhile, hazards, i.e., the biomass gas storage tanks of the two assessed biomass gasification stations,
are identified (Table 2). To calculate the thermal radiation and overpressure for the determination of accident consequences, the gas
compositions of only flammable gases are listed in Table 2. In addition, biomass gas includes a small quantity of alkane gases, which
are not listed in Table 2 because their composition composes less than 1% of the total biomass gas. Then, the corresponding rectangular
coordinate system is established for the assessed area with respect to the two villages (Figs. 6 and 7).

4. Results
4.1. Calculation of 3D risk

The calculation of 3D risk needs to be made before the process of the RORA can begin. Because biomass gas has the characteristics
of flammability and a low explosive limit, fire and explosion are considered accident risks in this study. As previously mentioned, 3D
risk is computed by the product of the compensation factor (¢), probability (f) and severity (E (x, y, 2)). Obviously, the confirmation of
the compensation factor and probability are not affected by spatial coordinates. Moreover, the purpose of the case study is to
demonstrate the proposed method, and it is unnecessary to pay attention to the accuracy of the values with respect to the compensation
factor and probability [18]. To facilitate a comparison of the assessment results, the compensation factor and probability are set to the
same values for both Huangtukan station and Yanjia station (Table 3).

Subsequently, the severity of the accident risk is calculated so that the 3D risk can be obtained. In consideration of the general types
of fire and explosion accidents possible at the biomass gasification stations, it is assumed that the type of fire is a jet fire, and the type of
explosion is a vapor cloud explosion [35]. Therefore, corresponding models can be introduced according to the available literature to
calculate the thermal radiation and overpressure. Then, the accident consequences, fire and explosion, can be quantified to confirm the
severity. The released gas should be confirmed before the thermal radiation is calculated (Eq. (9)) [36,37]. After confirmation, Eq. (10)
is introduced to calculate the thermal radiation [38,39]. For vapor cloud explosions, selected empirical models based on experimental
data are employed to compute the overpressure (Egs. (11)-(13)) [40], as follows:

fadl

2

b
mo = CpAy\| rPP (74‘_1) ©

Fig. 4. Huangtukan station.
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Fig. 5. Yanjia station.
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Table 1
Details of Huangtukan village and Yanjia village.
Details Huangtukan Village Yanjia Village
North of the Yexing Village (approximately 1.5 km apart) Shenyang national forest park (approximately 0.8 km apart)
village
South of the Jinjiafen Village (approximately 0.9 km apart) Dongsijiazi Village (approximately 0.8 km apart)
village
East of the Lengzipu nine-year education school (approximately Huaguoshan resort (approximately 0.7 km apart)
village 2.2 km apart)
West of the Liao River (approximately 1.9 km apart) Shenyang Qipanshan international scenic tourism development zone
village (approximately 1.9 km apart)
Table 2

Details of hazards.

Details Biomass gas storage tank

Biomass gas composition Number of storage tanks
Maximum volume (m®) Actual reserves (m>) cO H, CH4
Huangtukan station 132 105 20.36% 10.94% 4.41% 1
Yanjia Station 393 314 22.48% 11.76% 2.10% 1
3D 400k@a417) 2D
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Fig. 6. Rectangular coordinate system of the assessed area (Huangtukan station).
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Fig. 7. Rectangular coordinate system of the assessed area (Yanjia station).

where m, denotes the discharge rate of gas (kg/s), Cp denotes the discharge coefficient (the value of which is set to 0.61 in this study)
[36,371, Ay denotes the opening area (m?), y denotes the ratio of specific heat capacities (Cp/Cy), p denotes the pressure of the storage
tank; and p denotes the density (kg/m>);
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Table 3

Compensation factor and probability values.

Heliyon 9 (2023) e13194

Compensation factor (&)

Probability (f)

Fire

Explosion

0.5

1 x 107! (in one year)

1 x 1073 (in one year)

”ijmoT}e(

Ixy,0) ="

10

where I (x,y,2) denotes the thermal radiation intensity (W/mz), nj denotes the efficiency factor, H; denotes the heat of combustion (J/
kg), Tje; denotes the radiation coefficient, and d denotes the distance from the assessed point to the location of the fire;

aan

where mpyt denotes the equivalent mass of TNT (kg), my denotes the mass of the explosive gas, AHy is the heat of combustion of the

explosive gas (kJ/kg), and Qnr is the heat of combustion of TNT (4601 kJ/kg);

Rg
173
MmNt

Zo=

12)

where Zg denotes the scaled distance and Rg denotes the real distance from the assessed point to the explosion point (m); and

1og,o P =0.2518(log,,Zg )* — 2.0225(log,,Zc) + 5.8095

where P, denotes the overpressure.

13

Consequently, the thermal radiation and overpressure caused by hazards can be confirmed based on the solutions and integrations
of Egs. (1), (9)-(13), respectively. Their calculation functions are shown as Egs. (14) and (15) below.

jady

)
WHTaCorn oo ()

I(x,y,z)= 14
(x,5,2) I a4
2
1/3 Ve
02518 | logig— S ZINT_ | _2.0225 | logyo Folrr | s 8005
(mgatg)'3 (mgang)'?
Po(x,,2) =10 1s)

To confirm the severity value, the maximum values of thermal radiation and overpressure are introduced for normalization. In this

study, individual people are considered risk receptors create the case study. Therefore, the maximum value of thermal radiation will
lead to a significant chance of instantaneous fatality, and its value is set as 37.5 kW/m? [39]. The maximum overpressure value will
lead to probable deaths of human beings, and its value is set as 50 kPa [37]. Then, the fire accident severity and explosion accident
severity are calculated by Egs. (16) and (17), respectively. Consequently, the 3D risk can be obtained based on Egs. (2), (3), (16) and
(17) and Tables 3-4 (Egs. (18) and (19)). Egs. (16)-(19) can be expressed as follows:

+1
=

Hy.s)  WHTaCornfrpo(1)

Eire(x,y,2) = = 16
i (¥, 3:2) =35 5 08 37.5 % 10° x 4nd (16)
Table 4
Values of coefficients.
Coefficient Value
Huangtukan station Yanjia station
Cp 0.975 0.975
Ap 5.0 x 107° m? 7.5 x 1073 m?
v 1.385 1.391
P 0.525 MPa 0.713 MPa
p 1.107 kg/m® 1.189 kg/m®
nj 0.7 0.7
H, 1.809 x 107 J/kg 1.813 x 107 J/kg
Tiet 0.9 0.9
mq 0.602 x 10° kg 2.626 x 10° kg
AHy 1.809 x 107 J/kg 1.813 x 107 J/kg
Qint 4.601 x 10° J/kg 4.601 x 10° J/kg
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2
1/3 1/3
[ RGO
0.2518 | logjg—— | —2.0225 | logjg——TN | +0.8095
(mgaHg)'/? (mgaH)

Py(x,y,z
Efire(xv)ﬂz):%:z x 10 (17)
Fi(x,y,2) = 3.0658 4 (02518(~ 11249405 logyqfi '~ 1.0113 logofi +0.0847 18)

1

where F; (x,y,z) denotes the 3D risk of Huangtukan station, f; denotes the square of the distance from the assessed point to the hazard,
and f1:(x—x1)2+(y—y1)2+(z—zl)2, X1, ¥1, 21 denotes the 3D coordinates of the hazard at Huangtukan station;

5.5747

2
Fa(x,y,2) = 4 100-2518(~13383+0.5 logyf2)* ~1.0113 logio/s +0.5162

19

2

where F; (x,y,2) denotes the 3D risk of Yanjia station, f, denotes the square of the distance from the assessed point to the hazard, and f;
= (e=x2)* + (y—)’2)2 + (z-22)2, x2, Y2, 22 denotes the 3D coordinates of the hazard at Yanjia station.

4.2. Selection of surface

As the 3D risks have been obtained by Egs. (18) and (19), the corresponding curved surfaces need to be confirmed to calculate the
surface integral so that the ROR can be achieved. According to the selection rule of the surfaces as previously mentioned, the selected
surfaces of the two assessed samples (Huangtukan station and Yanjia station) include hemisphere surfaces and planes perpendicular to
the ground. In consideration of the boundaries and spatial distributions of the above two villages, the selected surfaces of each village
include one hemisphere surface and a number of planes perpendicular to the ground. The corresponding equations of the selected
surfaces are listed in Table 5, and visualizations of the selected surfaces are shown in Figs. 8 and 9.

4.3. Confirmation of weights for selected surfaces

After the surfaces have been selected and their equations have been provided, the corresponding weights of the selected surfaces
need to be obtained to further calculate the ROR. Thus, 10 experts related to the field of biomass gasification are invited to make 1,/9-9
scale-based pairwise comparison. Introduction of invited experts is shown in Table 6. Then a pairwise comparison and 1/9-9 scale-
based AHP are utilized to calculate the weights based on the classifications of the assessment indices shown in Fig. 3. Additionally,
the basic information of the two assessed villages listed in Table 1 will be used to confirm the judgment matrices as a reference.
Subsequently, judgment matrices with respect to the middle factors and criteria are worked out, and the judgment matrix of the middle
factors is shown as Eq. (20). Regarding Huangtukan station, the judgment matrices for its selected curved surfaces are shown as Egs.
(21)-(24). Similarly, the judgment matrices for Yanjia station’s selected curved surfaces are shown as Egs. (25)-(28).

Consequently, the weights of the selected surfaces are computed based on the AHP, and the calculation results are listed in Table 7.

4.4. Calculation of the ROR

As previously mentioned, the ground of the assessed area is considered a horizontal plane. Thus, its related z-coordinate is set as 0.
According to the information of the biomass gasification stations shown in the case study, the coordinates of Huangtukan station and

Table 5
Selected surfaces.

Equation

Huangtukan Village

Yanjia Village

Hemisphere

Planes perpendicular to the
ground

Syt (x — 220)% + (y — 203)* + 22 = 6142 (0 < z < 614)

312:%+52ym:1(863x§445,0§y§117,0gzg
359
614)
S@%Jr%:1(0§x§86,117§y§417,0§z§614)
50
514:37xﬁ+4}1'—7:1(0§x§269,321 <y<417,0<z<
32
614)
Sist Y —1(269<x<445,0<y<321,0<z<
245 T 142845 > :
176
614)

So1: (x — 106)2 + (y — 156)% + 2% = 3442 (0 < z < 344)

So 1+ —1(38<x<178,0 <y <350<z<344)

178 789

2

Sagion 4L —1(0<x<3835<y<290,0<z< 344)
2204 T 390 SXS98 905y 290,0525
51

524:%+2%0:1(ogxg61,290gyg304,0§zg344)
5

Sastmas ks = 1 (61 < x < 265,146 <y < 304,0 <z <
35827 T 35827 2 g
79 102

344)

Sog Y 1(178 <x<2650<y<146,0<z<
178 25988

v
344)
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Fig. 8. Visualization of selected surfaces in the assessed area (Huangtukan station).
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Fig. 9. Visualization of selected surfaces in the assessed area (Yanjia station).

Yanjia station are (155,184,0) and (140,187,0), respectively. Moreover, the above two stations are regarded as hazards in this study.
Thus, the value of each surface integral, i.e., the ROR, can be computed using MATLAB based on Eq. (4) and Table 5, and the
calculation results are listed in Table 8.

As shown in Table 8, there is a significant difference between the calculation results of the ROR for the two stations. In regard to
Huangtukan station, the ROR values of S12~S15 are relatively close. This is because the location of the hazard (biomass gasification
station) is close to the center of the assessed area. Moreover, the areas of the planes perpendicular to the ground (S12~Si5) are
relatively close (as shown in Fig. 8 and Table 5), which also contributes to the obtained calculation results. Because the area of Sp; is
much larger than those of S;5~S;5, its ROR value is much larger than those of S12~S;s. For Yanjia station, the calculation results of
each ROR have obvious differences. This is mainly because the location of the hazard is far from the center of the assessed area. In
addition, the ROR value of Sy5 is much larger than those of the other surfaces (except So1). This is caused by the following two reasons:
a. Sys has the largest area of all planes perpendicular to the ground (as shown in Fig. 9 and Table 5); Sos is the surface closest to the
hazard. Meanwhile, the area of So; is larger than that of Sas, and the difference in the RORs between Sy; and Sys is not as significant as
the differences among the other surfaces because the larger area of Sy; is offset by its greater distance from the hazard. Notably, the
overall risk degree of assessed area in each part can be reflected by the RORs. Consequently, the RORs of the assessed areas
(Huangtukan Village and Yanjia Village) are calculated based on Eq. (6), Tables 7 and 8, and the overall risk degrees for Huangtukan
Village and Yanjia Village can be identified. The calculation results are listed in Table 9.

5. Discussion
5.1. Verification of the proposed method

As shown in Table 9, the overall risk degrees of Huangtukan Village and Yanjia Village in the assessed area can be confirmed. This
shows that Yanjia Village has a higher risk degree than does Huangtukan Village. Notably, the volume of the actual biomass gas

10
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Table 6
Introduction of invited experts.
Qu,u,  Quu, Quyus  Quyu, 1 5 3 2
Q,u, Ao, Qo Qv 1/5 1 1/2 1/4
M= | Qo e Gu Guo | 20
v Quyu,  Qusu, Qusuy  Qusu, /3 2 1 1/2 (20)
au,u, QAuu, Quyau; OQuyu, 1/2 4 2 1
COsisn 0 Asysn Asysi sy 515 Esyy 815 1 2 6 43
Aspsy Osnsn  Fsnsy  Ospsulsnss /2 1 4 21
My, = | @sps, @spse Asasn Ospse Osess | = | 1/60 1/4 1 1/3 1/3 (1)
Assy Asusn  Osuse Asusi TSy /4 12 3 11
s Osesn @sess Ossse @5ess 13 1 311
1 3 7 4 4
Qs s sy Ty dsy s
13 1 3 22
Aspsu Osipsn Ospsi XSS spsis )
Miv, = | Gssy Gsnse Gsusn Ossulsuss | = [ 1/7 13 1 7 1/3 (22)
i Asiesu Asisn Fsiusi Xsiu.81u Fsisis 14 12 4 1 2
Asissu Asissn Fsissin X581 Fsissis 14 12 3 12 1
COsysu o Osisn Osisis Osisu Osisis _ 1 2 13 23
Asps Uspsn Ospsi; Fspsu Fspss 1/2 1 1/4 12
Miy, = | G535, Osisp sy Aspsu Aspss | = 3 4 1 5 6 (23)
Asigsn Assi XS Fssy Fsss 1/2 1 1/5 12
_(lsu,sn Usis s U553 Osis80 Asissys i /3 12 1/6 1/2 1
COsysy o Ospse Osusie o Osuse 05 1 307 41
Aspsy Aspse  Ospss Ospse Asps;s /3 1 4 1 1/3
Miy,= | @s,50  Gspse  Osase Osase Osass | = 1/7 1/4 1 1/3 1/6 @9
Assu Asesn  Osusn Osusu O5Sis /4 1 3 1 1/4
s Osss @sesn Gssse Gssss L3 6 41
[ss0 A5 Asaisn Osusy susss Tsusie | | L 4 4 6 35
U8 O5n5m Osnsny Osnsas Asmsas sy /41 2 41
Moo — | s Fsnsn Osusn Osnsy Osuss Ans | _ [1/41/2 13 1/23 (25)
BT sy s Ossn Tssa Osuss Ao 1/6 1/41/3 1 1/32
Asyi5 Ais8m Asrs S Asos oy AsasSas Ui S /312 3 1
L @ss50 Asrsny Asngsos Asrgsor Asnesos Asresns | [1/5 1/3 1/3 1/2.1/3 1
(G5 Assn Asysy A Asyseg Aoy | [ 13 4 1/2 37
A5y 8 Osnsn Asnsy Fsmsu ¥smss sy /3 1.2 1/3 2 4
| @y Fsusn Bsuisn Tsnsn Osnsis s, | _ | 1/41/2 1 1/3 3
Mo, = sy, 5 Aspi 5 Osrss Tsusie | | 2 3 3 1 36 26)
Asys 55 Asps S35 Asps S5 XSs Sag 1/31/2 1 1/3 2
L ¥sasn X2 Usy5 A5 Tsesie | L1/7 1/41/3 1/6 1/2 1
(G5 Assn Tsysn Ay Asses Ay | [ 12 1/3 1/5 22
Aspysn A5y s XsnSny Osn Sy Fsn S Fsn s /21 1/3 1/5 1 1
_ Asyy 5 As,, 50 o | | 3 3 1 1/2 3 2
Maovs = : s Gsase | | 5521 66 @n
sy s 12 1 1/3 1/6 1 1
Asy.50 | _1/2 1 1/2 1/6 1 1
[ a5, U] [ 1 42237
as,, 5 1/4 1 1/2 1 25
B iz 2123 4
Mo, = 2112125 @8
s 1312 13 12 1 3
Qs 5, L1/7 1/5 1/4 1/5 1/3 1
Expert Professional position Education background Work experience (year)

NO U b W

Technician
Technician
Technician
Engineer
Engineer
Engineer
Professor

11

Master
Bachelor
Bachelor
PhD
Master
Master
PhD

10
15
18
9

14
21
16

(continued on next page)
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Table 6 (continued)

Expert Professional position Education background Work experience (year)
8 Professor PhD 21
9 Professor PhD 28
10 Professor PhD 31
Table 7
Weights of selected surfaces.
Sn S12 S13 S14 S1s5
Weight (o) 0.3836 0.1731 0.1205 0.1245 0.1983
So1 S22 Sa3 So4 Sos Sa6
Weight (o) 0.3507 0.1445 0.1628 0.1687 0.1232 0.0502

Table 8
Calculation results of the RORs with respect to all selected surfaces.
Huangtukan Si S12 S13 S14 Sis
ROR 52.2155 19.4236 17.8935 11.1842 13.3029
Yanjia So1 Sao S23 S24 Sas S26
ROR 76.8921 9.7091 22.6022 4.9158 46.9306 14.4627
Table 9
Calculation results of the ROR for the assessed area.
Huangtukan Village (¢s1) Yanjia Village (¢52)
ROR (¢5) 29.5787 39.3858

reserves of the storage tank at Yanjia station is approximately triple that at Huangtukan station according to Table 2. It is easy to infer
that the risk degree of Yanjia station may be higher than that of Huangtukan station. Because the other basic information differs
between these two villages, the ratio of the ROR with respect to the above two stations is not completely in line with the ratio of the
volume of actual reserves. However, the difference in the assessed areas of the above two villages also exerts an influence on the
calculation of the ROR. Hence, a sensitivity analysis should be performed to analyze the influence of the assessed area on the
calculation of the ROR. The variation ranges in the radii (of the hemisphere surfaces) and heights (of the planes perpendicular to the
ground) are set as +10%. Thus, the input values are set between 90% and 110% of the reference values. In addition, the interval of the
input values is set as 1%. Then, the sensitivity analysis results are shown in Fig. 10. The sensitivity analysis results include calculations
of the ROR (¢;) and the ratio of the ROR with respect to Yanjia station and Huangtukan station (¢s2/@s1)-

As shown in Fig. 10, changes in the radii and heights of the surfaces lead to changes in the ROR values. The ROR values of
Huangtukan Village and Yanjia Village increase as the radii and heights increase. In reality, the risk will be lower as the location moves
farther away from the hazard. However, the ROR indicates the total risk in a certain area. Within a certain range of change, the increase
of selected surfaces will lead to an increase in the ROR; that is to say, increases in the radii and heights will result in increased ROR
values. In addition, the sensitivity analysis results also show the change in the ratio for the two assessed villages (¢s2/@s1). Fig. 10
shows that the ratio ¢s2/¢s1 remains almost unchanged. The variation in ¢s2/¢s1 is much less than that in the ROR values (Table 10). It
is reasonable that the comparison results of the two assessed villages should be stable because their actual hazard characteristics are
invariable. Consequently, the overall risk degrees of the two assessed villages can be reflected by the assessment results, which are in
line with their actual hazard characteristics. Hence, the validity and availability of the proposed RORA can be verified.

Moreover, expert judgment is also used to make further verification of the proposed RORA based on the established weighting
criteria. As it is mentioned in Section 2.3 and Fig. 3, risk caused by the biomass gasification station can be estimated in four factors
including casualty, property damage, environmental impact and social impact. Their weights can be obtained based on the judgment
matrix (Eq. (20)). Weight calculation results are listed as Table 11.

Subsequently, Eq. (29) is introduced to make a brief expert judgment of the risk caused by biomass gasification station. In regard to
the judgment of four factors Uj, Us, Us and Uy, the standard of experts scoring is set as Fig. 11. Then 10 invited experts who have make
judgment of weights of selected surfaces are re-invited to estimate the risk of assessed two biomass gasification stations. Expert
judgment results are listed in Table 12. Then the total judgment score, i.e., risk of assessed two biomass gasification stations is
confirmed based on Eq. (29) and shown in Table 12.

N N N N
_ZJUl,i Yo Jui Yo Jus > Jugi

J= wy, i=1 + wy, i:lN + wu, i:lN + wy, i:lN (29)
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Fig. 10. Sensitivity analysis results.
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Table 10

Variation in the ROR values and their ratio.
Value @s1 @52 P52/ Ps1
Variation rate (from 110% to 90%) 8.3262% 5.8316% 2.6491%

Table 11
Weight calculation results of four factors.

Casualty (U;) Property damage (U,)

Environmental impact (Us)

Social impact (Us)

Weight (o) 0.4773 0.0809 0.1539 0.2879
& ¥
RS oF (@&
@&e‘\ﬁ \\3@“ ﬁ\\ﬂ & \\ﬂ % ‘O}\ X\x";o e\ﬂ &“QA\O
OIS RTS S A0 @

A7 S < @s\ PEERORE NQEPT

] | | | | | | | | | |

0 1 2 3 4 5 6 7 8 9 10

Fig. 11. The standard of experts scoring.
Table 12
Expert judgment results of Huangtukan and Yanjia biomass gasification stations.
Expert Judgment score of risk (Huangtukan) Judgment score of risk (Yanjia)
U; U, Us Uy Uy Uy Us Uy

1 5 7 2 5 8 9 5 8
2 6 8 3 7 7 7 4 9
3 3 5 4 5 7 7 3 8
4 5 6 5 6 8 8 4 7
5 6 6 2 7 6 8 4 8
6 5 6 2 8 5 9 5 8
7 7 7 3 8 8 7 6 9
8 5 4 4 5 7 8 5 7
9 4 8 4 7 6 8 6 8
10 7 7 3 6 5 8 4 9
Total 5.3825 6.8770

where J denotes the judgment score of risk, i denotes the serial number of invited expert, N denotes the total number of invited experts.

Obviously, the judgment score of risk of Yanjia biomass gasification station is higher than that of Huangtukan. It is similar to the
assessment result obtained by RORA. It further verifies the validity and availability of the proposed RORA. Although traditional
method (such as expert judgment mentioned in this section) can provide risk assessment result, it ignores the effect of spatial co-
ordinates on the risk assessment. That is to say, traditional method cannot implement regional risk assessment. The influence of hazard
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on the magnitude of risk in a certain assessed area cannot be considered accurately. The proposed RORA can provide quantitative 3D
risk assessment, and it will make risk assessment results more accurate.

5.2. Prospects and limitations

As previously mentioned, the ROR obtained by the RORA can demonstrate the risk degrees of hazards in certain areas. Risk caused
by the hazard of any coordinate in 3D space can be calculated and confirmed. As risk assessment results take into account the effect of
3D spatial coordinates, more practical risk management strategy can be made. For instance, RORA can be utilized to perform land-use
planning and safety planning for an assessed area. Generally, the locations of biomass gasification stations are decided based on the
most economical considerations; in other words, the distance between each user and the biomass gasification station should be as short
as possible [34,41]. Nevertheless, this selection process ignores the fact that the location of biomass gasification stations will affect the
overall risk degree of the assessed area. The proposed RORA approach can be introduced to solve this problem. To analyze the impacts
of different locations on the overall risk degree of an assessed area, nine locations are introduced with which to calculate the RORs
(Table 13).

For the information of the biomass gasification stations shown in the case study, coordinates of Huangtukan station and Yanjia
station are (155,184,0) and (140,187,0). Accordingly, ROR calculation results of Huangtukan Village and Yanjia Village are 29.5787
and 39.3858, respectively (Table 9). As it can be seen in Table 9, ROR values below 29.5787 and 39.3858 are bolded and marked in
red. Notably, the RORs calculated based on the actual locations of Huangtukan station and Yanjia station do not represent the min-
imum values. With regard to nine locations of Huangtukan station, the minimum ROR value is 29.5777, which is slightly lower than
the ROR of the actual location. Moreover, two locations shown in Table 13 for Yanjia station would provide lower RORs than that of the
actual location. Especially for the location (180,100,0), the corresponding ROR value is 3.9% lower than the value obtained for the
actual hazard location. That is to say, actual locations of assessed biomass gasification stations are not optimal in consideration of the
ROR values. Further studies can focus on methods for optimizing the locations of hazards (biomass gasification stations) considering
both economic factors (such as the distance between each user and the biomass gasification station) and the ROR. Then, land-use
planning and safety planning for the assessed area can be performed. And the calculation of the ROR can guide the location place-
ments of hazards. Moreover, changes in risk management strategies within the assessed area can also be accurately quantified based on
the application of RORA. For example, fire system, monitoring system and other safety measures will lead to the prevention and control
of accidents caused by hazards. It will reflected in the calculation of 3D risk and ROR based on the proposed RORA. Then the risk
reduction can be analyzed and evaluated quantitatively. Consequently, RORA can guide the implementation of safety measures and
other risk management strategies more effective.

It is clearly that proposed RORA can provide more practical guidance for land-use planning, safety planning, safety measures and
other risk management strategies. To continuously improve and develop RORA, the following limitations should be noted and studied
in future work.

5.2.1. Selection of surfaces

For the proposed RORA, the selection of surfaces used to make surface integral depends on the boundary of assessed area. The
bottom edge of the selected plane coincides with a certain boundary of the assessed area. In this study, the boundaries of the assessed
areas were simplified as several straight lines. The actual boundaries of assessed areas will be more complex and may include com-
binations of straight lines and curves. Accordingly, selected surfaces should comprise planes and curved surfaces, and their equations
need to be confirmed correspondingly. These adjustments will contribute to more accurate assessment results. This will dramatically
increase the amount of computation. Therefore, development of calculation code will make contribution to enhance the computing
efficiency.

5.2.2. Confirmation of weights for selected surfaces

An AHP was employed to confirm the surface weights in this study, which is relatively subjective. Whereas this paper intends to
represent a novel 3D risk assessment method, its core idea is the establishment of a novel algorithm based on the surface integral. In
order to better demonstrate the proposed method, AHP is utilized to confirm the weight due to it is relatively simple to implement.
However, each selected surface must have different impact on the calculation of ROR according to the mathematical and physical

Table 13

ROR values of Huangtukan Village and Yanjia Village with different biomass gasification station locations.
Location coordinate of the hazard Huangtukan Village (¢s1) Location coordinate of the hazard Yanjia Village (¢52)
(100,150,0) 31.0568 (60,50,0) 44.1780
(220,120,0) 29.4301 (170,20,0) 41.6731
(380,60,0) 34.1841 (250,140,0) 41.4344
(100,240,0) 29.5777 (40,270,0) 44.2305
(220,220,0) 29.7463 (100,100,0) 39.1002
(330,150,0) 32.8290 (180,100,0) 37.8491
(40,380,0) 31.2035 (60,230,0) 41.5023
(160,330,0) 30.2887 (140,210,0) 40.8961
(250,310,0) 32.0990 (120,250,0) 45.7232
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meaning of surface integral. Hence the weight of each selected surface needs to be confirmed. Generally speaking, confirmation of
index weight mainly depends on expert based decision making. It leads to the results suffer from randomness and fuzziness of un-
certainty. In future work, other methods, including cloud model (CM), set pair analysis (SPA), fuzzy methods, etc., can be employed to
reduce the impact of subjectivity and promote the effectiveness of RORA. Furthermore, data collected from field investigation
including hydrology data, geology data, etc., can be referred to enhance the objectivity of weight confirmation.

5.2.3. Utilization of risk flux

Risk is an objective quantity applied to describe the degree of harm to a specific hazard. The proposed RORA focuses on the
evaluation of the overall risk degree for an assessed area. Considering the flux is obtained by the calculation of integral. It is similar to
the calculation of ROR. Therefore, a risk gradient could be employed to make surfaces integral so that the risk flux can be obtained. The
risk flux indicates that the risk source can diverge risk flux to the outside space, and the direction of risk flux is from the risk source to
the external space [8]. Then, risk flux can be introduced to describe the dynamic change of 3D risk in a certain area. It has potential to
make further development of RORA by combining with the risk flux.

6. Conclusion

In this study, a novel method called the RORA was proposed to evaluate the overall risk level in a certain area. 3D risk assessment
results of two biomass gasification stations and their located villages show that the overall risk levels of the assessed areas can be
accurately derived. In conclusion, according to the verification of validity and availability of the proposed RORA, accurate risk
assessment results for a certain area can be obtained by RORA. The variation of risk with spatial coordinates can be identified and
analyzed. In addition, the RORA can effectively guide the land-use planning, safety planning and other risk management strategies for
assessed areas. It provides an important theoretical basis for the development of 3D risk assessment.
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