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Abstract

Biomass gasification stations are facing many hazard factors, therefore, it is necessary to

make hazard assessment for them. In this study, a novel hazard assessment method called

extended set pair analysis (ESPA) is proposed based on set pair analysis (SPA). However,

the calculation of the connection degree (CD) requires the classification of hazard grades

and their corresponding thresholds using SPA for the hazard assessment. In regard to the

hazard assessment using ESPA, a novel calculation algorithm of the CD is worked out

when hazard grades and their corresponding thresholds are unknown. Then the CD can be

converted into Euclidean distance (ED) by a simple and concise calculation, and the hazard

of each sample will be ranked based on the value of ED. In this paper, six biomass gasifica-

tion stations are introduced to make hazard assessment using ESPA and general set pair

analysis (GSPA), respectively. By the comparison of hazard assessment results obtained

from ESPA and GSPA, the availability and validity of ESPA can be proved in the hazard

assessment for biomass gasification stations. Meanwhile, the reasonability of ESPA is also

justified by the sensitivity analysis of hazard assessment results obtained by ESPA and

GSPA.

1. Introduction

Renewable energy has played an important role in the energy consumption all over the world.

As an important part of renewable energy, the development of biomass energy gives a positive

impact on economic growth [1]. Moreover, biomass energy is one of the critical solutions for

future energy shortages [2], and it has met a rapid development worldwide recently [3–6].

Multifarious kinds of technologies are involved in biomass energy, including methane produc-

tion [7], biodiesel [8], biomass to liquid (BTL) [9], biomass gasification [10], etc. However, bio-

mass gasification technology has developed drastically due to the growing attention of the

renewable and sustainable energy [10]. In China, a mass of biomass gasification stations have

been put into service in rural areas. These stations can be utilized to produce biomass energy,

i.e., the biomass gas. What’s more, the burning of crop straw which leads to air pollution can
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be reduced by the them [11]. However, hazard factors existed in the process of biomass gasifi-

cation will lead to fire, explosion, and poisoning accidents [12–14]. Cummer and brown [12]

indicated that the biomass gas is poisonous, and people can be poisoned by the leakage of bio-

mass gas. With regard to the study of Molino et al. [14], they emphasized that fire and explo-

sion risks exist in the biomass gasification plant. Owing to the development of biomass

gasification stations will be limited by the frequent occurrence of these accidents, hazard

assessment is needed to evaluate hazard factors in the biomass gasification station [15,16].

As general terms of methods for the evaluation of hazards, hazard assessment is practical

and effective in the safety management for accident hazards. Kinds of methods are involved in

the hazard assessment which is also called the risk assessment, including risk assessment meth-

ods based on indices [17,18], fuzzy methods [19], analytic hierarchy process (AHP) [20], set

pair analysis (SPA) [21], etc. In particular, SPA is a practical method which was proposed by a

Chinese scholar to make a comprehensive analysis of certain and uncertain information [22].

As an improved uncertainty theory [23], SPA considers both certainties and uncertainties for a

given system, and certainties and uncertainties are depicted from three aspects as identity, dis-

crepancy, and contradistinction [24]. The evaluation of biomass gasification stations is hard to

make due to the complication of hazard factors. Therefore, SPA can be an effective method in

the hazard assessment for biomass gasification stations. In retrospect, SPA has met many

improvements and developments so that it can be used in various areas. Yang et al. [25] pro-

posed a nonlinear optimization set pair analysis model (NOSPAM) to evaluate the water

resource renewability of the Yellow River Basin, in their works, subjective and objective infor-

mation were optimized so that the weight can be confirmed based on the gray-encoded hybrid

accelerating genetic algorithm. The assessment results showed that NOSPAM can not only

make calculation of the weight, but also make quantification of the uncertain information in

the water resource renewability assessment. In the study of Jin et al. [26], SPA was coupled

with BP neural network to establish a new forewarning model called BPSPA-FM, and the

back-propagation neural network updating model was introduced to confirm evaluation index

values. According to the forewarning results for sustainable utilization of regional water re-

sources, the BPSPA-FM was proved to be reasonable in the application of early warning for

different natural hazards. Wang et al. [27] made modification of constant weights in the SPA,

and dynamic weights were proposed by them, then they made a feasible and effective evalua-

tion of the liquefaction so that evaluated samples can be described quantitatively. Jiang et al.
[28] combined SPA with Quadrant Method to make comprehensive assessment of river eco-

system, two-dimensional Quadrant Method was introduced in their study to reveal the inter-

nal logic relation of the river ecosystem’s structure and function, thereby determining the

assessment zoning in SPA. Fuzzy methods were employed into SPA to determine the effects of

land consolidation on the multifunctionality of the cropland production system in the study of

Guo et al. [29], they took advantage of variable fuzzy sets analysis (VFSA) to quantify the influ-

ence of land consolidation, and then the quantitative data can be used in SPA. In the predic-

tion analysis of integrated carrying capacity (ICC) using SPA, Wei et al. [30] introduced the

theory of Euclidean geometry and the nearest recognition principle to reflect the effectiveness

of prediction results by SPA. Yu et al. [31] proposed the improved five-element connectivity

degree for the SPA, then they used the improved method to make a comprehensive evaluation

of the groundwater quality. In contrast with fuzzy comprehensive evaluation results, the valid-

ity of the improved method can proved for the detection of the polluted water. Wang and

Zhou [32] developed a coordinated development model based on the SPA. With regard to

their method, the Identical-Discrepancy-Contrary (IDC) ranking system was proposed to

assess the coordination ability, and assessment results can provide information for the sustain-

able social-ecological systems development. Chong et al. [33] utilized the SPA to assess the
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occupational hazard of coal mining. A novel assessment model was proposed by them using

the SPA, Delphi method and AHP. Research results showed that the proposed model can

describe the dynamic process and give a new resolution for the decision-making of uncertain

and complicated environment. In addition, SPA also can be effectively utilized in the risk

assessment of the enterprise management [34], flood disaster [21,35] and major hazard instal-

lations [24], hazard degree assessment of landslide [36], dam leakage investigation [23], disease

diagnosis [37], risk assessment of water pollution sources [38], safety assessment of thermal

power plants [39], statistical prediction of water resources [40], hazard assessment of debris

flow [41], etc.
As previously mentioned, it can be concluded that SPA is a valid method to make hazard or

risk assessment in various fields, including flood [21,35], coal mining [33], enterprise manage-

ment [34], landslide [36], water pollution sources [38], thermal power plants [39], and debris

flow [41]. However, the hazard assessment for biomass gasification stations using SPA is rare.

It can be sought that biomass gasification stations have just been made hazard assessment by

Yan et al. [42] using general set pair analysis (GSPA). In their study, an improved SPA called

GSPA was proposed to make hazard assessment for biomass gasification stations. Owing to

assessment indices were set based on immediate causes of accidents in the biomass gasification

station, hence it was a specific hazard assessment in the study of Yan et al. [42]. In order to

make a more comprehensive and overall hazard assessment for biomass gasification stations,

the causes, i.e., hazard factors as many as possible should be considered for the confirmation of

assessment indices. In retrospect, data of the grade classification are critical in the confirma-

tion of assessment indices in traditional SPA. For example, Wang et al. [27] provided the data

of liquefaction classification standard in their study for the evaluation of liquefaction using

SPA, and the provided data were obtained from the published literature. Similarly, the corre-

sponding grading criterion was also provided and confirmed based on the published literature

in the study of BPSPA-FM for water resources [26]. Yan et al. [42] utilized the national stan-

dard to achieve the classification of hazard grades in the hazard assessment for biomass gasifi-

cation stations using GSPA. However, for the hazard assessment of biomass gasification

stations, the corresponding classification of hazard grades of some assessment indices can’t be

achieved due to the national standard and existing literature are lack of related data for the

classification of hazard grades. As a result, the traditional SPA needs to be improved so that

the hazard assessment for biomass gasification stations can still be made when the classifica-

tion of hazard grades is limited.

Therefore in this study, a modified SPA called extended set pair analysis (ESPA) is proposed

to make hazard assessment for biomass gasification stations. Formulas to calculate the connec-

tion degree (CD) of each sample are resolvable without any information of hazard grades clas-

sification. Then the ideal sample is employed to make comparison of the assessed samples, and

the connection degree core (CDC), diversity degree (DD), and similarity degree (SD) are

introduced and defined to deal with the CD so that the CD of the assessed sample can be con-

verted into the Euclidean distance (ED). Thereby ranking the hazard of each biomass gasifica-

tion station based on the calculated value of ED. After that, six biomass gasification stations in

Northeast China are conducted to make hazard assessment using ESPA in the sorted hazard

ranking. In contrast, six biomass gasification stations are made hazard assessment by GSPA as

well [42], and the availability and validity of ESPA for the hazard assessment are proved by

comparison results. For a given evaluation model, the sensitivity analysis is an effective method

to observe the variation of outputs when some inputs are varied, and the reasonability of the

evaluation model will be verified based on the variation trend of outputs [18,43,44]. Therefore,

the sensitivity analysis is introduced to check the consistency of hazard assessment results

obtained by ESPA and GSPA so that the reasonability of ESPA can be justified.
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2. Methodology

2.1. Hazard assessment by SPA

The focus of the SPA is to integrate certainty and uncertainty in a given system. In the SPA,

identity, discrepancy, and contradistinction are used to describe objects and their relations to

each other [36]. Assuming the sets given are A and B, and the set pair H = (A, B) is made up of

A and B, then the set pair H is demonstrated by its characteristics and the amount of character-

istics is represented by N. Among these characteristics, the amounts of identity characteristics,

discrepancy characteristics, and contradistinction characteristics are S, F, and P, respectively.

Meanwhile, the values of S, F, P, and N meet the condition N = S+F+P. Thus, the values for S/

N, F/N and P/N are called the identity, discrepancy, and contradistinction degrees, respec-

tively. For convenience, let a = S/N, b = F/N, and c = P/N. Obviously, the values of a, b, and c
satisfy the condition a+b+c = 1. Then the CD is defined to describe the relationship of these

characteristics, and it is calculated by Eq 1,

m ¼
S
N
þ

F
N
iþ

P
N
j ¼ aþ biþ cj ð1Þ

where μ denotes CD, a denotes identity degree, b denotes discrepancy degree, c denotes con-

tradistinction degree, i denotes the uncertainty coefficient of discrepancy and the range of its

value is [–1,1], j denotes contradictory coefficient and its value is defined as -1 [35].

Generally speaking, many assessment indices are presented in the hazard assessment using

SPA, the impact of each index have different weight. Therefore, the total CD considering

weight is calculated by Eq 2,

ms ¼
Xm

k¼1

mkok ð2Þ

where μs denotes the total CD, ωk denotes the weight of index k, and μk denotes the CD of

index k, m denotes the number of indices.

Finally, the hazard grade is confirmed by the maximal CD principle. For example, assuming

the CD of sample l is μl = a+bi+cj, corresponding hazard grades are a-safety, b-middle hazard,

and c-hazard. If the value of c is the maximal, then the hazard grade of sample l can be con-

firmed as ’hazard’.

2.2. Hazard assessment by ESPA

The core of SPA is the calculation of the CD. As it can be concluded from the previous work

related to SPA [21,36,42], hazard grades and their corresponding thresholds are necessary for

the calculation of the CD. But in some cases, the samples can’t be made hazard assessment by

SPA due to hazard grades and their corresponding thresholds are unknown. In this study, an

improved approach called ESPA is proposed, and the proposed ESPA can make hazard assess-

ment for samples when hazard grades and their corresponding thresholds are unknown, and

the hazard of each sample can be compared and ranked based on the ESPA. A flowchart is pro-

vided in Fig 1. As it is shown in Fig 1, the procedure of the hazard assessment by ESPA include

two sections and seven steps, and hazard assessment results are shown as hazard rankings.

2.2.1. Confirmation of indices weights by AHP. Owing to the AHP had been widely

used in the confirmation of indices weights during the assessment by SPA [28,29,35,42], a

brief introduction for the confirmation methodology of indices weights by AHP is made in

this study. The overall objective, middle factors and criteria should be confirmed at first with

respect to this methodology. Herein, middle factors and criteria are set as potential accidents
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and hazard assessment indices, respectively. Thereby setting the overall objective as the hazard

assessment for the assessed object. After that, pair-wise comparisons are introduced to make

judgment for assessment indices. Subsequently, judgment matrices are obtained based on the

1/9-9 scale [29]. In other words, assuming two criteria θ1 and θ2 are made comparison, if the

two criteria are equally important for a middle factor, then values reflected in the judgment

matrix will be Ay1 ;y2
= Ay2 ;y1

= 1. When the criterion θ1 is more important than θ2 for a middle

factor, and the important degree is the highest, then values reflected in the judgment matrix

will be Ay1 ;y2
= 9 and Ay2 ;y1

= 1/9. At last, weights are calculated by the calculation methodology

of AHP [45]. It should be noticed that value of the consistency ratio (CR) for the judgment

matrix must be less than 0.1 based on the principle of AHP [45]. If the value of the CR isn’t less

than 0.1, then the judgment must be adjusted until the value of the CR is less than 0.1.

2.2.2. Calculation of CD by ESPA. If the confirmation of hazard grades and their corre-

sponding thresholds is limited, then the CD cannot be calculated by SPA. Nevertheless, the

CD can still be calculated using ESPA only based on the data of the assessed samples. Assum-

ing several samples are made hazard assessment using ESPA. For the index k, if the greater

value of the data means a lower level of the hazard, then the smaller value of the data means a

higher level of the hazard. For the data of samples in the index k, let the greatest and smallest

value of the data be the upper threshold uk and lower threshold vk, respectively. Assuming an

arbitrary value xkl belongs to [vk, uk], Eq 3 or Eq 4 both can be defined to compute the close-

ness degree of xkl to uk [46].

φuk1
¼

xkl � vk
uk � vk

ð3Þ

φuk2
¼

xkl
uk þ vk

ð4Þ

Fig 1. The flowchart of the hazard assessment by ESPA.

https://doi.org/10.1371/journal.pone.0185006.g001
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where φ denotes the closeness degree.

Owing to the sum of the closeness degree of xkl to uk and vk is 1, therefore, the correspond-

ing closeness degree of xkl to vk can be defined as Eq 5 or Eq 6 [46].

φvk1
¼ 1 � φuk1

¼ 1 �
xkl � vk
uk � vk

¼
uk � xkl
uk � vk

ð5Þ

φvk2
¼ 1 � φuk2

¼ 1 �
xkl

uk þ vk
¼

uk þ vk � xkl
uk þ vk

ð6Þ

Then, let the product of Eq 3 and Eq 4 be the closeness degree of xkl to uk (Eq 7).

φuk
¼

xkl � vk
uk � vk

�
xkl

uk þ vk
¼

xklðxkl � vkÞ
ðuk � vkÞðuk þ vkÞ

ð7Þ

Let the product of Eq 5 and Eq 6 be the closeness degree of xkl to vk (Eq 8).

φvk
¼

uk � xkl
uk � vk

�
uk þ vk � xkl

uk þ vk
¼
ðuk � xklÞðuk þ vk � xklÞ
ðuk � vkÞðuk þ vkÞ

ð8Þ

After that, the two closeness degrees are combined and denoted as a function (Eq 9),

f ðxklÞ ¼
xklðxkl � vkÞ þ ðuk � xklÞðuk þ vk � xklÞ

ðuk � vkÞðuk þ vkÞ
ð9Þ

Then the first-order derivative and the second-order derivative of Eq 9 are calculated (Eq 10

and Eq 11),

@f ðxklÞ
@xkl

¼
2ð2xkl � uk � vkÞ
ðuk � vkÞðuk þ vkÞ

ð10Þ

@2f ðxklÞ
@x2

kl
¼ 4 ð11Þ

Obviously, it can be concluded that Eq 9 will get the maximum value when the value of xkl
is uk or vk, then the maximum value of Eq 9 is shown by Eq 12.

f ðxklÞmax ¼ f ðukÞ ¼ f ðvkÞ ¼
uk

uk þ vk
ð12Þ

The closeness degree of xkl to uk is set to be the identity degree, meanwhile, the closeness

degree of xkl to vk is set to be the contradistinction degree. As it has been mentioned in section

2.1., values of the identity degree, discrepancy degree, and contradistinction degree must

belong to [0,1]. Accordingly, the maximum value obtained by Eq 12 is set as the quotient to

make normalization of the closeness degrees for xkl to uk and xkl to vk so that values of them

are in [0,1] (Eq 13 and Eq 14).

a ¼
xklðxkl � vkÞ

ðuk � vkÞðuk þ vkÞ
=

uk

uk þ vk
¼

xklðxkl � vkÞ
ukðuk � vkÞ

ð13Þ

c ¼
ðuk � xklÞðuk þ vk � xklÞ
ðuk � vkÞðuk þ vkÞ

=
uk

uk þ vk
¼
ðuk � xklÞðuk þ vk � xklÞ

ukðuk � vkÞ
ð14Þ

As previously mentioned in section 2.1., the discrepancy degree can be worked out based
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on the condition a+b+c = 1 (Eq 15).

b ¼ 1 � a � c

¼ 1 �
xklðxkl � vkÞ
ukðuk � vkÞ

�
ðuk � xklÞðuk þ vk � xklÞ

ukðuk � vkÞ

¼
2ðuk � xklÞðxkl � vkÞ

ukðuk � vkÞ

ð15Þ

Finally, the CD of the sample l with respect to the index k can be calculated by Eq 16.

mkl ¼
xklðxkl � vkÞ
ukðuk � vkÞ

þ
2ðuk � xklÞðxkl � vkÞ

ukðuk � vkÞ
iþ
ðuk � xklÞðuk þ vk � xklÞ

ukðuk � vkÞ
j ð16Þ

Conversely, if the greater values of data mean a higher level of the hazard, and the smaller

values of the data mean a lower level of the hazard, then the CD of the sample l with respect to

the index k can be calculated by Eq 17.

mkl ¼
ðuk � xklÞðuk þ vk � xklÞ

ukðuk � vkÞ
þ

2ðuk � xklÞðxkl � vkÞ
ukðuk � vkÞ

iþ
xklðxkl � vkÞ
ukðuk � vkÞ

j ð17Þ

2.2.3. Ranking the hazard of each sample. After the CD of each sample is confirmed, the

hazard of each sample can be ranked by comparing the value of the CD. In regard to a con-

firmed CD μ, the CDC is introduced to analyze a certain characteristic of the set pair H = (A,

B), then the identity and contradistinction are made comparison by it. The CDC is important

to reflect the characteristic of SPA, and Eq 18 is defined to calculate it.

CðmÞ ¼ a � c ð18Þ

where C(μ) denotes the CDC for the CD of μ.

In order to rank the hazard of each sample, the CD of each sample needs to be compared.

Hence the DD is proposed to describe the diversity of a couple of samples. Assuming two haz-

ard assessment samples x and y, CDs of them are μx = ax+bxi+cxj and μy = ay+byi+cyj, respec-

tively. Then DDs of the CDC, identity, discrepancy, and contradistinction are calculated by Eq

19 through 22.

DCDCðmx; myÞ ¼ jCðmxÞ � CðmyÞj ð19Þ

Daðmx; myÞ ¼ jax � ayj ð20Þ

Dbðmx; myÞ ¼ jbx � byj ð21Þ

Dcðmx; myÞ ¼ jcx � cyj ð22Þ

where DCDC(μx, μy), Da(μx, μy), Db(μx, μy), and Dc(μx, μy) denote the DD of CDC, identity, dis-

crepancy, and contradistinction for μx and μy, respectively.

After that, the SD is proposed to reflect the similarity of a couple of samples. Eq 23 is used

to calculate the SD with respect to μx and μy, and it can be seen that the range of SD is [0, 1].

When the value of SD is closer to 1, it indicates that the sample x and sample y are more
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similar. On the contrary, the sample x and sample y are more different.

Sðmx; myÞ ¼ 1 �
DCDCðmx; myÞ þ Daðmx; myÞ þ Dbðmx; myÞ þ Dcðmx; myÞ

4
ð23Þ

where S(μx, μy) denotes the SD of the CD for sample x and sample y.

Then the ideal sample is employed to make a further processing for the SD. The ideal sam-

ple denotes a sample which is absolute safety or absolute hazardous, and it is used to make

comparison with the samples which are made hazard assessment. As the definition of SPA

[23], the CDs of the absolute safety ideal sample and the absolute hazardous ideal sample are

defined as Eq 24 and Eq 25, respectively.

msafety ¼ 1þ 0 � iþ 0 � j ð24Þ

mhazardous ¼ 0þ 0 � iþ 1 � j ð25Þ

where μsafety denotes the CD of the absolute safety ideal sample, μhazardous denotes the CD of

the absolute hazardous ideal sample.

The ED is introduced to evaluate the relevance of the assessed samples and the ideal sample

afterwards. As a straight-line distance metric [47], the ED can be used to assess the relevance

of fuzzy linguistic variables [48]. Moreover, it can also be used in the anomaly detection of

mechanical systems and other fields [49]. Thereby using the ED to evaluate the SD of each

assessed sample in this study so that the relevance of the assessed samples and the ideal sample

can be confirmed. However, as multiple indices are considered in the hazard assessment using

ESPA, and the weight of each index is different in general, therefore, the index weight is con-

sidered in the calculation of the ED (Eq 26).

dðml; u
�Þ ¼

(
Xm

k¼1

½okð1 � Sðmkl; u
�ÞÞ�

2
)1

2

ð26Þ

where d(μl, μ
�

) denotes the ED of the CD between the assessed sample l and the ideal sample,

μkl denotes the CD of the assessed sample l in index k, μ
�

denotes the CD of the ideal sample.

Obviously, if the ideal sample is absolute safety, then the greater value of the ED means the

higher hazard of the sample l, or the smaller value of the ED means the lower hazard of the

sample l. On the contrary, if the ideal sample is absolute hazardous, a contrary conclusion can

be got. Finally, the hazard ranking can be achieved based on the value of ED.

3. Case study

3.1. Confirmation of hazard assessment indices and calculation of

indices weights

In this study, no specific permissions were required for the locations introduced. Because

these locations are public area and our activities were permitted by Shenyang Municipality.

We can ensure that the field studies did not involve endangered or protected species. Then the

hazard assessment was made for biomass gasification stations using ESPA. In order to make

preparation for the hazard assessment by ESPA, hazard assessment indices and indices weights

should be confirmed firstly. In the biomass gasification system, biomass materials and gener-

ated biomass gas result in various hazard factors. Owing to biomass materials are burned with

insufficient oxygen to produce the biomass gas, therefore, the generated biomass gas contains

flammable gases hydrogen (H2), carbon monoxide (CO), and methane (CH4) with CO having

a high poisonousness as well [10]. As a result, potential accidents in biomass gasification
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stations are mainly involved in fires, explosions, and poisoning, thereby setting them to be

middle factors p1, p2 and p3. In order to verify the availability, validity and reasonability of

the hazard assessment results obtained by ESPA, methods proposed in Yan’s work [42] are

employed to make comparison in the following contents. Hence the confirmation of criteria

is referred to Yan’s work [42]. That is to say, criteria, i.e., hazard assessment indices are set to

be biomass gas production rate (k1), volume fraction of CO (k2), lower explosive limit of bio-

mass gas (k3), artificial ventilation atmosphere (k4), pressure relief ratio (k5), and quantity of

biomass materials (k6). It should be stated that above six indices are immediate causes for the

fire, explosion and poisoning of biomass gasification stations. Hence they are set to be criteria

of AHP. The hierarchy construction (Fig 2) and the calculation of indices weights are also

referred to Yan’s work (Eq 27 through 30; Table 1) [42].

M1 ¼

Ap1;p1
Ap1 ;p2

Ap1 ;p3

Ap2;p1
Ap2 ;p2

Ap2 ;p3

Ap3;p1
Ap3 ;p2

Ap3 ;p3

2

6
6
4

3

7
7
5 ¼

1 1=3 1

3 1 2

1 1=2 1

2

6
6
4

3

7
7
5 ð27Þ

M2 ¼

Ak1 ;k1
Ak1;k3

Ak1 ;k4
Ak1 ;k6

Ak3 ;k1
Ak3;k3

Ak3 ;k4
Ak3 ;k6

Ak4 ;k1
Ak4;k3

Ak4 ;k4
Ak4 ;k6

Ak6 ;k1
Ak6;k3

Ak6 ;k4
Ak6 ;k6

2

6
6
6
6
6
4

3

7
7
7
7
7
5

¼

1 1=3 1=2 1

3 1 2 4

2 1=2 1 2

1 1=4 1=2 1

2

6
6
6
6
6
4

3

7
7
7
7
7
5

ð28Þ

M3 ¼

Ak1 ;k1
Ak1 ;k3

Ak1 ;k4
Ak1 ;k5

Ak3 ;k1
Ak3 ;k3

Ak3 ;k4
Ak3 ;k5

Ak4 ;k1
Ak4 ;k3

Ak4 ;k4
Ak4 ;k5

Ak5 ;k1
Ak5 ;k3

Ak5 ;k4
Ak5 ;k5

2

6
6
6
6
6
4

3

7
7
7
7
7
5

¼

1 1=4 1=2 1=3

4 1 2 3

2 1=2 1 2

3 1=3 1=2 1

2

6
6
6
6
6
4

3

7
7
7
7
7
5

ð29Þ

M4 ¼

Ak1 ;k1
Ak1 ;k2

Ak1 ;k4

Ak2 ;k1
Ak2 ;k2

Ak2 ;k4

Ak4 ;k1
Ak4 ;k2

Ak4 ;k4

2

6
6
4

3

7
7
5 ¼

1 3 1=2

1=3 1 1=4

2 4 1

2

6
6
4

3

7
7
5 ð30Þ

3.2. Data collection

As previously mentioned, six assessment indices are introduced to make hazard assessment

for biomass gasification stations using ESPA. The data collected from the biomass gasification

station are used to make ESPA. Index k1 denotes the volume of produced biomass gas per

hour (m3/h), and data of index k1 can be obtained from the production status of the biomass

gasification station. Index k2 and k3 denote the volume fraction of CO in the produced biomass

gas (%) and the lower explosive limit of the produced biomass gas (%), respectively. Data of

them can be obtained based on the measurement of the produced biomass gas. Index k4

denotes the artificial ventilation ability of the biomass gasification station, it is reflected by air

change rate (times/h). Data of index k4 can be confirmed by the artificial ventilation property

of the biomass gasification station. Index k5 denotes the pressure relief ability of the biomass

gasification station when fires and explosions occur. Index k6 denotes the quantity of biomass

materials stored in the storage room of the biomass gasification station. All in all, data of
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indices k5 and k6 are all involved in the construction size of the biomass gasification station.

Data of index k5 are obtained by the calculation of Eq 31 [50]. Data of index k6 are confirmed

by the volume of the storage room (m3), in general, the value of k6 is set as one third of the vol-

ume of the storage room.

C ¼ A=10V2=3 ð31Þ

where C denotes the pressure relief ratio (m2/m3), A denotes the area of pressure relief (m2),

where the value of A is equal to the area of windows and doors in the biomass gasification sta-

tion [50], and V is the volume of the biomass gasification station (m3).

Obviously, for the index k3, k4, and k5, the greater value of the data means a lower level of

hazard. On the other hand, for the index k1, k2, and k6, the greater value of the data means a

higher level of hazard.

In this study, six samples (l1, l2, l3, l4, l5, l6), i.e., six biomass gasification stations in Northeast

China were introduced to make hazard assessment using ESPA. Above six biomass gasification

Fig 2. Hierarchy construction model.

https://doi.org/10.1371/journal.pone.0185006.g002

Table 1. Indices weights.

Index Weight

Biomass gas production rate (k1) 0.1586

Volume fraction of CO (k2) 0.0293

Lower explosive limit of biomass gas (k3) 0.3594

Artificial ventilation atmosphere (k4) 0.3273

Pressure relief ratio (k5) 0.0985

Quantity of biomass materials (k6) 0.0269

https://doi.org/10.1371/journal.pone.0185006.t001
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stations are Huangtukan station (122.767˚E, 41.718˚N), Yanjia station (123.750˚E, 41.996˚N),

Shengli station (123.343˚E, 41.522˚N), Wangpingfang station (123.437˚E, 42.916˚N), Xinli sta-

tion (123.684˚E, 42.582˚N), and Dazhang station (122.546˚E, 41.282˚N). The construction size

of each biomass gasification station is shown in Table 2, and index data of k5 and k6 are then

calculated (Eq 31). Index data of each biomass gasification station are listed in Table 3.

4. Results and discussion

4.1. Hazard assessment results by ESPA

It should be noted at first that the classification of hazard grades with respect to the above

assessment indices are achieved according to Yan’s work [42]. In order to make comparison,

assuming hazard grades and their corresponding thresholds are unknown, and the hazard of

each sample only can be confirmed by the collected data. Then the CD of each sample in index

k3, k4, and k5 is calculated by Eq 16, meanwhile, the CD of each sample in index k1, k2, and k6

is calculated by Eq 17. Calculation results are listed in Table 4.

After the CD is obtained, the DD of each sample is calculated by Eqs 19–22, and the SD is

calculated by Eq 23 afterwards. Then the ED of each sample to the ideal sample is calculated by

Eq 26. As previously mentioned, the ideal sample includes the absolute safety ideal sample and

the absolute hazardous ideal sample, and EDs to the two ideal samples imply an same conclu-

sion. Therefore, only one of the ideal samples is needed to make calculation. In this study, the

absolute safety ideal sample (Eq 24) is chosen to make calculation. Then the SD of each sample

with respect to each index is shown in Table 5, and the ED of each sample is listed in Table 6.

Clearly enough, above results are achieved by a simple and concise calculation, what’s more,

the CD can be obtained even though hazard grades and its corresponding thresholds are

unknown. As the greater value of the ED means the higher hazard of the sample here, thus it

can be concluded that the hazard ranking of biomass gasification stations is l6>l2>l3>l1>l5>l4.

4.2. Hazard assessment results by GSPA

Obviously, if the confirmation of hazard grades and their corresponding thresholds are lim-

ited, the hazard of each biomass gasification station can still be evaluated by the proposed

ESPA in this study. According to Yan’s study [42], the hazard of each biomass gasification sta-

tion can be evaluated by GSPA when hazard grades and their corresponding thresholds are

Table 2. Construction size of six biomass gasification stations.

Construction size l1 l2 l3 l4 l5 l6

Area of windows and doors (m2) 17.28 49.66 35.60 34.30 43.52 44.30

Volume of the biomass gasification station (m3) 142.53 328.08 240.60 163.98 364.22 506.39

Volume of the storage room (m3) 42.99 87.58 57.38 42.65 98.42 83.67

https://doi.org/10.1371/journal.pone.0185006.t002

Table 3. Index data of six biomass gasification stations.

Indices l1 l2 l3 l4 l5 l6

k1 (m3/h) 300 700 400 200 450 600

k2 (%) 21.46 19.69 21.69 14.91 17.41 21.73

k3 (%) 20.74 23.05 23.45 25.57 29.68 16.43

k4 (times/h) 10 6 6 11 8 8

k5 (m2/m3) 0.0633 0.1044 0.0920 0.1145 0.0853 0.0697

k6 (m3) 14.33 29.19 19.13 14.22 32.81 27.89

https://doi.org/10.1371/journal.pone.0185006.t003
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known. In order to verify the availability and validity of hazard assessment results using ESPA,

GSPA is introduced to rank the hazard of each biomass gasification station. Owing to the

assessment indices and their index weights employed in this study are same to that of Yan’s

[42], a direct processing can be made for the data with respect to biomass gasification stations

by GSPA. Then the connection measure degree (CMD) and comprehensive index (CI) are cal-

culated by GSPA (Table 7; Table 8) [42].

The hazard ranking can be reflected by values of the CI because it was mentioned in Yan’s

study [42]. As the greater value of the CI indicates the higher hazard of the sample, therefore,

the hazard ranking of each biomass gasification station is l6>l2>l3>l1>l5>l4.

Table 4. CD of each sample in each index.

Indices CD of each biomass gasification station

k1 l1 l2

μ = 0.6857+0.2286i+0.0857j μ = 0.0000+0.0000i+1.0000j

l3 l4

μ = 0.4286+0.3429i+0.2286j μ = 1.0000+0.0000i+0.0000j

l5 l6

μ = 0.3214+0.3571i+0.3214j μ = 0.0857+0.2286i+0.6857j

k2 l1 l2

μ = 0.0277+0.0239i+0.9485j μ = 0.2333+0.1316i+0.6351j

l3 l4

μ = 0.0040+0.0037i+0.9923j μ = 1.0000+0.0000i+0.0000j

l5 l6

μ = 0.5606+0.1458i+0.2937j μ = 0.0000+0.0000i+1.0000j

k3 l1 l2

μ = 0.2273+0.1960i+0.5767j μ = 0.3880+0.2232i+0.3888j

l3 l4

μ = 0.4186+0.2224i+0.3590j μ = 0.5943+0.1910i+0.2147j

l5 l6

μ = 1.0000+0.0000i+0.0000j μ = 0.0000+0.0000i+1.0000j

k4 l1 l2

μ = 0.7273+0.1455i+0.1273j μ = 0.0000+0.0000i+1.0000j

l3 l4

μ = 0.0000+0.0000i+1.0000j μ = 1.0000+0.0000i+0.0000j

l5 l6

μ = 0.2909+0.2182i+0.4909j μ = 0.2909+0.2182i+0.4909j

k5 l1 l2

μ = 0.0000+0.0000i+1.0000j μ = 0.7319+0.1416i+0.1265j

l3 l4

μ = 0.4504+0.2203i+0.3293j μ = 1.0000+0.0000i+0.0000j

l5 l6

μ = 0.3201+0.2192i+0.4607j μ = 0.0761+0.0978i+0.8261j

k6 l1 l2

μ = 0.9908+0.0067i+0.0026j μ = 0.1059+0.1777i+0.7164j

l3 l4

μ = 0.6258+0.2202i+0.1540j μ = 1.0000+0.0000i+0.0000j

l5 l6

μ = 0.0000+0.0000i+1.0000j μ = 0.1544+0.2205i+0.6251j

https://doi.org/10.1371/journal.pone.0185006.t004
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In regard to the hazard assessment using ESPA, the confirmation of the hazard ranking

depends on values of the ED, meanwhile, the hazard ranking is reflected by values of the CI

with respect to the hazard assessment using GSPA. As it can be seen from the above calculation

results, hazard assessment results, i.e., the hazard ranking of each biomass gasification station

obtained by ESPA and GSPA are consistent. As GSPA is a method which can be used in the

hazard assessment for biomass gasification stations [42], hence the availability and validity of

ESPA can be verified. In addition, owing to hazard grades and their corresponding thresholds

aren’t needed in the hazard assessment using ESPA, the scope of the application will be wider.

4.3. Sensitivity analysis

As inputs of some hazard assessment indices are uncertain, hazard assessment results will be

affected by the uncertainties of them. Thus, a sensitivity analysis should be performed to check

the consistency of the obtained hazard ranking. Each sample is set as the variable sample in

turn, and data of the variable sample in each index are set as the variable inputs, then outputs,

i.e., the CI and ED are calculated with different input values. Assuming an error of ±10% in

the inputs determined [18], that is to say, the range of input values is between 90% and 110%

of the reference values presented in Table 3. Herein, the interval of input values is set as 1%.

Then calculations of the CI and ED with different input values are made by GSPA and ESPA,

respectively (Figs 3–8).

Sensitivity analysis results show that outputs change as inputs change. In regard to the sen-

sitivity analysis for the hazard assessment results by GSPA, only the sample which is set to be

the variable input changes as inputs change. However, sensitivity analysis results of the hazard

assessment results by ESPA show that all samples change as inputs change. The difference is

due to the distinct computing algorithm of the CD from one another. The calculation of the

CD by GSPA is based on the hazard grades and their corresponding thresholds, the change of

data of a sample won’t affect the other samples. On the contrary, the calculation of the CD by

ESPA is based on the data of each sample so that the change of data of a sample will affect the

other samples. Nevertheless, the obtained hazard rankings by GSPA and ESPA are similar.

As it can be seen in Fig 3, even though values of the CI and ED for the variable sample are

Table 5. SD of each sample in each index.

l1 l2 l3 l4 l5 l6

k1 0.7429 0 0.5143 1 0.4107 0.1429

k2 0.0336 0.2662 0.0050 1 0.5970 0

k3 0.2763 0.4438 0.4742 0.6421 1 0

k4 0.7636 0 0 1 0.3455 0.3455

k5 0 0.7673 0.5055 1 0.3749 0.1005

k6 0.9924 0.1503 0.6808 1 0 0.2095

https://doi.org/10.1371/journal.pone.0185006.t005

Table 6. ED of each sample.

ED

l1 0.2929

l2 0.4168

l3 0.3900

l4 0.1286

l5 0.2435

l6 0.4502

https://doi.org/10.1371/journal.pone.0185006.t006
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changed, all the relative hazard rankings of the other samples are changeless. In addition, it

can be concluded by sensitivity analysis results that trends of the hazard ranking variation

for an arbitrary variable sample obtained by GSPA and ESPA are coherent. In order to make

a clearer observation of the hazard ranking for each variable sample, the hazard rankings of

each variable sample are listed in Table 9. For variable samples l1 and l5, the hazard rankings

Table 7. CMD of each sample.

μI μII μIII μIV μV μI μII μIII μIV μV

k1 l1 l2

1 0 -1 -1 -1 0.3090 1 -0.3090 -1 -1

l3 l4

1 0.7071 -1 -1 -1 1 -0.7071 -1 -1 -1

l5 l6

1 0.9239 -1 -1 -1 0.8090 1 -0.8090 -1 -1

k2 l1 l2

-1 -1 -1 0.9984 1 -1 -1 -0.9811 1 0.9811

l3 l4

-1 -1 -1 0.9978 1 -1 -0.9984 1 0.9984 -1

l5 l6

-1 -1 0.0565 1 -0.0565 -1 -1 -1 0.9977 1

k3 l1 l2

-0.9731 1 0.9731 -1 -1 -0.5750 1 0.5750 -1 -1

l3 l4

-0.4679 1 0.4679 -1 -1 0.1781 1 -0.1781 -1 -1

l5 l6

0.9950 1 -0.9950 -1 -1 -1 -0.6228 1 0.6228 -1

k4 l1 l2

-0.5 1 0.5 -1 -1 -1 -1 1 1 -1

l3 l4

-1 -1 1 1 -1 0.5 1 -0.5 -1 -1

l5 l6

-1 0.5 1 -0.5 -1 -1 0.5 1 -0.5 -1

k5 l1 l2

-1 -1 -1 -0.2601 1 -1 -1 -1 0.9759 1

l3 l4

-1 -1 -1 0.7604 1 -1 -1 -0.9603 1 0.9603

l5 l6

-1 -1 -1 0.5653 1 -1 -1 -1 -0.0118 1

k6 l1 l2

�1 1 �-1 -1 -1 0.9999 1 -0.9999 -1 -1

l3 l4

�1 1 �-1 -1 -1 �1 1 �-1 -1 -1

l5 l6

0.9999 1 -0.9999 -1 -1 0.9999 1 -0.9999 -1 -1

https://doi.org/10.1371/journal.pone.0185006.t007

Table 8. CI of each sample.

Sample l1 l2 l3 l4 l5 l6

CI 2.6853 2.9550 2.8202 2.0684 2.2375 2.9575

https://doi.org/10.1371/journal.pone.0185006.t008
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obtained by GSPA and ESPA are almost the same. In regard to variable samples l2, l3, l4 and l6,

although some hazard rankings obtained by GSPA and ESPA aren’t consistent, trends of the

hazard ranking variation are still coherent. For example, the hazard ranking obtained by ESPA

for the variable sample l4 is always ’6’. However, the trend of the hazard ranking variation

shows that the smaller of the ratio of input values to reference values leads to a higher value of

the ED for l4, that is to say, the hazard ranking obtained by ESPA of l4 will rise when the ratio

of input values to reference values gets smaller, and this trend meets the hazard ranking varia-

tion according to GSPA.

To sum up, as hazard assessment results obtained by GSPA and ESPA meet a satisfied con-

sistency, the reasonability of ESPA can be justified based on the reasonability of GSPA [42].

Fig 3. Calculation results of the CI and ED under the reference values ±10% for sample l1.

https://doi.org/10.1371/journal.pone.0185006.g003

Fig 4. Calculation results of the CI and ED under the reference values ±10% for sample l2.

https://doi.org/10.1371/journal.pone.0185006.g004
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4.4. Further work

Six assessment indices were introduced to make hazard assessment for biomass gasification

stations using ESPA in this study, meanwhile, hazard grades and their corresponding thresh-

olds of the six assessment indices were assumed to be unknown. Actually, hazard grades and

their corresponding thresholds of the six assessment indices are known according to the previ-

ous study [42,50–52]. The six assessment indices introduced in this study were used to verify

the availability of ESPA in the hazard assessment. However, there are many other assessment

indices existed in the hazard assessment for biomass gasification stations. For most of them,

hazard grades and their corresponding thresholds are unknown. In our future work, other haz-

ard assessment indices will be added in the hazard assessment for biomass gasification stations

using ESPA, these hazard assessment indices include the tar content in the produced biomass

Fig 5. Calculation results of the CI and ED under the reference values ±10% for sample l3.

https://doi.org/10.1371/journal.pone.0185006.g005

Fig 6. Calculation results of the CI and ED under the reference values ±10% for sample l4.

https://doi.org/10.1371/journal.pone.0185006.g006
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gas, human error factors, weather factors, multiple surrounding factors of the biomass gasifica-

tion station and so on. Thus a more comprehensive hazard assessment will be made for bio-

mass gasification stations.

Moreover, as it has been discussed previously, the proposed ESPA has a broad applicability

so that it can be applied straightforward to other hazard assessment cases. In our future work,

an attempt will been made to verify the applicability of ESPA in other fields, the hazard assess-

ment will be made for more cases using ESPA.

5. Conclusion

In this paper, a novel approach called the ESPA was proposed to make hazard assessment

for biomass gasification stations, which can be used to rank the hazard of each biomass

Fig 7. Calculation results of the CI and ED under the reference values ±10% for sample l5.

https://doi.org/10.1371/journal.pone.0185006.g007

Fig 8. Calculation results of the CI and ED under the reference values ±10% for sample l6.

https://doi.org/10.1371/journal.pone.0185006.g008
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gasification station. The proposed ESPA can convert hazard data of each sample into the CD

when the confirmation of hazard grades and their corresponding thresholds is limited. It will

overcome the restrict in the confirmation of the CD when some assessment indices are lack of

data with respect to the classification of hazard grades. Hence the hazard assessment by ESPA

will achieve a wider application scope. Moreover, The hazard ranking of each sample can be

confirmed immediately by a simple and concise calculation of the introduced ED. By contrast

with hazard assessment results of biomass gasification stations using GSPA, the availability

and validity of the ESPA were verified in this study. Sensitivity analysis results showed that

hazard assessment results obtained by GSPA and ESPA met a satisfied consistency, thus the

reasonability of the ESPA for the hazard assessment of biomass gasification stations was justi-

fied. Characteristics indicate that the application scope of the proposed ESPA will be wide, and

it may be applied in other fields involved in the hazard assessment.

Author Contributions

Conceptualization: Fang Yan, Kaili Xu, Deshun Li.

Data curation: Fang Yan, Kaili Xu.

Formal analysis: Fang Yan, Deshun Li.

Funding acquisition: Kaili Xu.

Investigation: Fang Yan, Zhikai Cui.

Methodology: Fang Yan, Deshun Li.

Table 9. Hazard ranking variation of the variable sample.

Ratio of input values to reference values Hazard ranking of the variable sample

l1 l2 l3 l4 l5 l6

CI ED CI ED CI ED CI ED CI ED CI ED

90% 4 4 1 1 3 2 1 6 5 4 1 1

91% 4 4 1 2 3 2 3 6 5 4 1 1

92% 4 4 1 2 3 2 3 6 5 4 1 1

93% 4 4 1 2 3 2 4 6 5 5 1 1

94% 4 4 1 2 3 2 4 6 5 5 1 1

95% 4 4 1 2 3 2 5 6 5 5 1 1

96% 4 4 1 2 3 3 5 6 5 5 1 1

97% 4 4 1 2 3 3 5 6 5 5 1 1

98% 4 4 1 2 3 3 6 6 5 5 1 1

99% 4 4 1 2 3 3 6 6 5 5 1 1

100% 4 4 2 2 3 3 6 6 5 5 1 1

101% 4 4 2 2 3 3 6 6 5 5 2 1

102% 4 4 2 2 3 3 6 6 5 5 2 1

103% 4 4 2 2 3 3 6 6 5 5 2 1

104% 4 4 2 2 3 3 6 6 5 5 2 1

105% 4 4 2 2 3 3 6 6 5 5 2 1

106% 4 4 2 3 3 3 6 6 5 5 2 1

107% 4 4 2 3 4 3 6 6 5 5 2 1

108% 4 4 2 3 4 3 6 6 5 5 2 1

109% 4 5 2 3 4 3 6 6 5 5 2 1

110% 4 5 3 3 4 3 6 6 5 5 2 1

https://doi.org/10.1371/journal.pone.0185006.t009

A novel hazard assessment method based on extended set pair analysis

PLOS ONE | https://doi.org/10.1371/journal.pone.0185006 September 22, 2017 18 / 21

https://doi.org/10.1371/journal.pone.0185006.t009
https://doi.org/10.1371/journal.pone.0185006


Project administration: Kaili Xu.

Resources: Kaili Xu, Deshun Li.

Software: Fang Yan.

Supervision: Kaili Xu, Zhikai Cui.

Validation: Fang Yan, Kaili Xu.

Visualization: Fang Yan, Deshun Li.

Writing – original draft: Fang Yan, Kaili Xu.

Writing – review & editing: Fang Yan, Kaili Xu.

References
1. Aslan A. The causal relationship between biomass energy use and economic growth in the United

States. Renewable and Sustainable Energy Reviews. 2016; 57: 362–366. https://doi.org/10.1016/j.

rser.2015.12.109

2. Christoforou EA, Fokaides PA. A review of quantification practices for plant-derived biomass potential.

International Journal of Green Energy. 2015; 12(4): 368–378. https://doi.org/10.1080/15435075.2014.

880147

3. Jezierska-Thole A, Rudnicki R, Kluba M. Development of energy cultivation for biomass production in

Poland. Renewable and Sustainable Energy Reviews. 2016; 62: 534–545. https://doi.org/10.1016/j.

rser.2016.05.024

4. Sam C, Aira H, Reeli K, Sanna S, Dalia S, Arta D. Progress in renewable electricity in Northern Europe

towards EU 2020 targets. Renewable and Sustainable Energy Reviews. 2015; 52: 1768–1780. https://

doi.org/10.1016/j.rser.2015.07.165

5. Samiran NA, Jaafar MNM, Ng JH, Lam SS, Chong CT. Progress in biomass gasification technique—

With focus on Malaysian palm biomass for syngas production. Renewable and Sustainable Energy

Reviews. 2016; 62: 1047–1062. https://doi.org/10.1016/j.rser.2016.04.049

6. Zhang O, Yu SK, Liu PK. Development mode for renewable energy power in China: Electricity pool and

distributed generation units. Renewable and Sustainable Energy Reviews. 2015; 44: 657–668. https://

doi.org/10.1016/j.rser.2015.01.020

7. Campuzano R, Gonzalez-Martinez S. Characteristics of the organic fraction of municipal solid waste

methane production: A review. Waste Management. 2016; 54: 3–12. https://doi.org/10.1016/j.wasman.

2016.05.016 PMID: 27236403

8. Sajjadi B, Raman AAA, Arandiyan H. A comprehensive review on properties of edible and non-edible

vegetable oil-based biodiesel: Composition, specifications and prediction models. Renewable and Sus-

tainable Energy Reviews. 2016; 63: 62–92. https://doi.org/10.1016/j.rser.2016.05.035

9. Sunde K, Brekke A, Solberg B. Environmental impacts and costs of woody Biomass-to-Liquid (BTL)

production and use—A review. Forest Policy and Economics. 2011; 13(8): 591–602. https://doi.org/10.

1016/j.forpol.2011.05.008

10. Molino A, Chianese S, Musmarra D. Biomass gasification technology: The state of the art overview.

Journal of Energy Chemistry. 2016; 25(1): 10–25. https://doi.org/10.1016/j.jechem.2015.11.005

11. Cao GL, Zhang XY, Wang YQ, Zheng FC. Estimation of emissions from field burning of crop straw in

China. Chinese Science Bulletin. 2007; 53(5): 784–790. https://doi.org/10.1007/s11434-008-0145-4

12. Cummer KR, Brown RC. Ancillary equipment for biomass gasification. Biomass & Bioenergy. 2002; 23:

113–128. https://doi.org/10.1016/S0961-9534(02)00038-7

13. Lv XJ, Lu CH, Zhu XJ, Weng YW. Safety analysis of a solid oxide fuel/gas turbine hybrid system fueled

with gasified biomass. Journal of Fuel Cell Science and Technology. 2015; 12(1): 1–6. https://doi.org/

10.1115/1.4029084

14. Molino A, Braccio G, Fiorenza G, Marraffa FA, Lamonaca S, Giordano G, et al. Classification procedure

of the explosion risk areas in presence of hydrogen-rich syngas: Biomass gasifier and molten carbonate

fuel cell integrated plant. Fuel. 2012; 99: 245–253. https://doi.org/10.1016/j.fuel.2012.04.040

15. Riviere C, Marlair G. The use of multiple correspondence analysis and hierarchical clustering to identify

incident typologies pertaining to the biofuel industry. Biofuels Bioproducts & Biorefining-Biofpr. 2010; 4

(1): 53–65. https://doi.org/10.1002/bbb.187

A novel hazard assessment method based on extended set pair analysis

PLOS ONE | https://doi.org/10.1371/journal.pone.0185006 September 22, 2017 19 / 21

https://doi.org/10.1016/j.rser.2015.12.109
https://doi.org/10.1016/j.rser.2015.12.109
https://doi.org/10.1080/15435075.2014.880147
https://doi.org/10.1080/15435075.2014.880147
https://doi.org/10.1016/j.rser.2016.05.024
https://doi.org/10.1016/j.rser.2016.05.024
https://doi.org/10.1016/j.rser.2015.07.165
https://doi.org/10.1016/j.rser.2015.07.165
https://doi.org/10.1016/j.rser.2016.04.049
https://doi.org/10.1016/j.rser.2015.01.020
https://doi.org/10.1016/j.rser.2015.01.020
https://doi.org/10.1016/j.wasman.2016.05.016
https://doi.org/10.1016/j.wasman.2016.05.016
http://www.ncbi.nlm.nih.gov/pubmed/27236403
https://doi.org/10.1016/j.rser.2016.05.035
https://doi.org/10.1016/j.forpol.2011.05.008
https://doi.org/10.1016/j.forpol.2011.05.008
https://doi.org/10.1016/j.jechem.2015.11.005
https://doi.org/10.1007/s11434-008-0145-4
https://doi.org/10.1016/S0961-9534(02)00038-7
https://doi.org/10.1115/1.4029084
https://doi.org/10.1115/1.4029084
https://doi.org/10.1016/j.fuel.2012.04.040
https://doi.org/10.1002/bbb.187
https://doi.org/10.1371/journal.pone.0185006


16. Moreno VC, Cozzani V. Major accident hazard in bioenergy production. Journal of Loss Prevention in

the Process Industries. 2015; 35: 135–144. https://doi.org/10.1016/j.jlp.2015.04.004

17. Khan FI, Husain T, Abbasi SA. Safety weighted hazard index (SWeHI)—A new, user-friendly tool for

swift yet comprehensive hazard identification and safety evaluation in chemical process industries. Pro-

cess Safety and Environmental Protection. 2001; 79(B2): 65–80. https://doi.org/10.1205/

09575820151095157

18. Scarponi GE, Guglielmi D, Moreno VC, Cozzani V. Assessment of inherently safer alternatives in bio-

gas production and upgrading. AICHE Journal. 2016; 62(8): 2713–2727. https://doi.org/10.1002/aic.

15224

19. Huang W, Ho HC, Peng YY, Li L. Qualitative risk assessment of soil erosion for karst landforms in

Chahe town, Southwest China: A hazard index approach. Catena. 2016; 144: 184–193. https://doi.org/

10.1016/j.catena.2016.05.008

20. Kazakis N, Kougias I, Patsialis T. Assessment of flood hazard areas at a regional scale using an index-

based approach and Analytical Hierarchy Process: Application in Rhodope-Evros region, Greece. Sci-

ence of the Total Environment. 2015; 538: 555–563. https://doi.org/10.1016/j.scitotenv.2015.08.055

PMID: 26318691

21. Guo EL, Zhang JQ, Ren XH, Zhang Q. Integrated risk assessment of flood disaster based on improved

set pair analysis and the variable fuzzy set theory in central Liaoning Province, China. Natural Hazards.

2014; 74(2): 947–965. https://doi.org/10.1007/s11069-014-1238-9

22. Zhao KQ. Set pair analysis and its preliminary application. Exploration of Nature. 1994; 13(47): 67–72.

(in Chinese)

23. Wang T, Chen JS, Wang T, Wang S. Entropy weight-set pair analysis based on tracer techniques for

dam leakage investigation. Natural Hazards. 2015; 76(2): 747–767. https://doi.org/10.1007/s11069-

014-1515-7

24. Zhou JF. SPA-fuzzy method based real-time risk assessment for major hazard installations storing

flammable gas. Safety Science. 2010; 48(6): 819–822. https://doi.org/10.1016/j.ssci.2010.02.012

25. Yang XH, Zhang XJ, Hu XX, Yang ZF, Li JQ. Nonlinear optimization set pair analysis model (NOSPAM)

for assessing water resource renewability. Nonlinear Processes in Geophysics. 2011; 18(5): 599–607.

https://doi.org/10.5194/npg-18-599-2011

26. Jin JL, Wei YM, Zou LL, Liu L, Zhang WW, Zhou YL. Forewarning of sustainable utilization of regional

water resources: a model based on BP neural network and set pair analysis. Natural Hazards. 2012; 62

(1): 115–127. https://doi.org/10.1007/s11069-011-0037-9

27. Wang MW, Xu P, Li J, Zhao KY. A novel set pair analysis method based on variable weights for liquefac-

tion evaluation. Natural Hazards. 2014; 70(2): 1527–1534. https://doi.org/10.1007/s11069-013-0887-4

28. Jiang X, Xu SG, Liu YY, Wang XD. River ecosystem assessment and application in ecological restora-

tions: A mathematical approach based on evaluating its structure and function. Ecological Engineering.

2015; 76: 151–157. https://doi.org/10.1016/j.ecoleng.2014.04.027

29. Guo BB, Jin XB, Yang XH, Guan X, Lin YN, Zhou YK. Determining the effects of land consolidation on

the multifunctionlity of the cropland production system in China using a set pair analysis-fuzzy assess-

ment model. European Journal of Agronomy. 2015; 63: 12–26. https://doi.org/10.1016/j.eja.2014.11.

002

30. Wei C, Dai XY, Ye SF, Guo ZY, Wu JP. Prediction analysis model of integrated carrying capacity using

set pair analysis. Ocean & Coastal Management. 2016; 120: 39–48. https://doi.org/10.1016/j.

ocecoaman.2015.11.011

31. Yu FR, Qu JH, Li ZP, Gao ZP. Application of set pair analysis based on the improved five-element con-

nectivity in the evaluation of groundwater quality in XuChang, Henan Province, China. Water Science

and Technology-Water Supply. 2017; 17(3): 632–642. https://doi.org/10.2166/ws.2016.135

32. Wang Ya, Zhou LH. Assessment of the coordination ability of sustainable social-ecological systems

development based on a set pair analysis: A case study in Yanchi Country, China. Sustainability. 2016;

8(8). https://doi.org/10.3390/su8080733

33. Chong T, Yi S, Heng C. Application of set pair analysis method on occupational hazard of coal mining.

Safety Science. 2017; 92: 10–16. https://doi.org/10.1016/j.ssci.2016.09.005

34. Yang GB, Gao HY. Uncertain risk assessment of knowledge management: Based on set pair analysis.

Scientific Programming. 2016. https://doi.org/10.1155/2016/2025892

35. Zou Q, Zhou JZ, Zhou C, Song LX, Guo J. Comprehensive flood risk assessment based on set pair

analysis-variable fuzzy sets model and fuzzy AHP. Stochastic Environmental Research and Risk

Assessment. 2013; 27(2): 525–546. https://doi.org/10.1007/s00477-012-0598-5

36. Wang WS, Li YQ. Hazard degree assessment of landslide using set pair analysis method. Natural Haz-

ards. 2012; 60(2): 367–379. https://doi.org/10.1007/s11069-011-0017-0

A novel hazard assessment method based on extended set pair analysis

PLOS ONE | https://doi.org/10.1371/journal.pone.0185006 September 22, 2017 20 / 21

https://doi.org/10.1016/j.jlp.2015.04.004
https://doi.org/10.1205/09575820151095157
https://doi.org/10.1205/09575820151095157
https://doi.org/10.1002/aic.15224
https://doi.org/10.1002/aic.15224
https://doi.org/10.1016/j.catena.2016.05.008
https://doi.org/10.1016/j.catena.2016.05.008
https://doi.org/10.1016/j.scitotenv.2015.08.055
http://www.ncbi.nlm.nih.gov/pubmed/26318691
https://doi.org/10.1007/s11069-014-1238-9
https://doi.org/10.1007/s11069-014-1515-7
https://doi.org/10.1007/s11069-014-1515-7
https://doi.org/10.1016/j.ssci.2010.02.012
https://doi.org/10.5194/npg-18-599-2011
https://doi.org/10.1007/s11069-011-0037-9
https://doi.org/10.1007/s11069-013-0887-4
https://doi.org/10.1016/j.ecoleng.2014.04.027
https://doi.org/10.1016/j.eja.2014.11.002
https://doi.org/10.1016/j.eja.2014.11.002
https://doi.org/10.1016/j.ocecoaman.2015.11.011
https://doi.org/10.1016/j.ocecoaman.2015.11.011
https://doi.org/10.2166/ws.2016.135
https://doi.org/10.3390/su8080733
https://doi.org/10.1016/j.ssci.2016.09.005
https://doi.org/10.1155/2016/2025892
https://doi.org/10.1007/s00477-012-0598-5
https://doi.org/10.1007/s11069-011-0017-0
https://doi.org/10.1371/journal.pone.0185006


37. Xu F, Zheng XP, Zhang JA, Fu ZT, Zhang XS. A hybrid reasoning mechanism integrated evidence the-

ory and set pair analysis in Swine-Vet. Expert Systems with Applications. 2010; 37(10): 7086–7093.

https://doi.org/10.1016/j.eswa.2010.03.008

38. Li CH, Sun L, Jia JX, Cai YP, Wang X. Risk assessment of water pollution sources based on an inte-

grated k-means clustering and set pair analysis method in the region of Shiyan, China. Science of the

Total Environment. 2016; 557: 307–316. https://doi.org/10.1016/j.scitotenv.2016.03.069 PMID:

27016678

39. Yang ZX, Song L, Zhang CY, Li C, Yuan XB. Mathematical safety assessment approaches for thermal

power plants. Mathematical Problems in Engineering. 2014; 1–13. https://doi.org/10.1155/2014/864682

40. Feng LH, Sang GS, Hong WH. Statistical prediction of changes in water resources trends based on set

pair analysis. Water Resources Management. 2014; 28(6): 1703–1711. https://doi.org/10.1007/

s11269-014-0581-7

41. Yang FG, Liang Y, Singh VP, Wang WS, Zhou XQ, Liu XN, et al. Debris flow hazard assessment using

set pair analyze models: Take Beichuan country as an example. Journal of Mountain Science. 2014;

11(4): 1015–1022. https://doi.org/10.1007/s11629-013-2495-x

42. Yan F, Xu KL, Li DS, Zhang XM. Hazard assessment for biomass gasification station using general set

pair analysis. Bioresources. 2016; 11(4): 8307–8324. https://doi.org/10.15376/biores.11.4.8307–8324

43. Cucurachi S, Borgonovo E, Heijungs R. A protocol for the global sensitivity analysis of impact assess-

ment models in life cycle assessment. Risk Analysis. 2016; 36(2): 357–377. https://doi.org/10.1111/

risa.12443 PMID: 26595377

44. Radomyski A, Giubilato E, Ciffroy P, Critto A, Brochot C, Marcomini A. Modelling ecological and human

exposure to POPs in Venice lagoon—Part II: Quantitative uncertainty and sensitivity analysis in coupled

exposure models. Science of the Total Environment. 2016; 569: 1635–1649. https://doi.org/10.1016/j.

scitotenv.2016.07.057 PMID: 27432731

45. Saaty TL, Alexander JM. Conflict resolution: The analytic hierarchy process. New York, Praeger Pub-

lishers. 1989.

46. Zhang B. The fuzzy set pair analysis way of multi-objective system decision. Systems Engineering-The-

ory & Practice. 1997; 12: 108–114. (in Chinese)

47. Lu BB, Charlton M, Brunsdon C, Harris P. The Minkowski approach for choosing the distance metric in

geographically weighted regression. International Journal of Geographical Information Science. 2016;

30(2): 351–368. https://doi.org/10.1080/13658816.2015.1087001

48. Xian SD, Sun WJ, Xu SH, Gao YY. Fuzzy linguistic induced OWA Minkowski distance operator and its

application in group decision making. Pattern Analysis and Applications. 2016; 19(2): 325–335. https://

doi.org/10.1007/s10044-014-0397-3

49. Montechiesi L, Cocconcelli M, Rubini R. Artificial immune system via Euclidean Distance Minimization

for anomaly detection in bearings. Mechanical Systems and Signal Processing. 2016; 76–77: 380–393.

https://doi.org/10.1016/j.ymssp.2015.04.017

50. China tMoPSotPsRo. Code for fire protection design of buildings (GB 50016–2014). Ministry of Hous-

ing and Urban-Rural Development of the People’s Republic of China, Beijing. 2014.

51. China MoAotPsRo. Technical specification and acceptance of standard for straw gasification system of

central gas supply (NY/T 443–2001). In: Ministry of Agriculture of the People’s Republic of China, Bei-

jing. 2001.

52. China MoAotPsRo. Construction criterion for station of argo-residues gasification (NYJ/T 09–2005).

Ministry of Agriculture of the People’s Republic of China, Beijing. 2005.

A novel hazard assessment method based on extended set pair analysis

PLOS ONE | https://doi.org/10.1371/journal.pone.0185006 September 22, 2017 21 / 21

https://doi.org/10.1016/j.eswa.2010.03.008
https://doi.org/10.1016/j.scitotenv.2016.03.069
http://www.ncbi.nlm.nih.gov/pubmed/27016678
https://doi.org/10.1155/2014/864682
https://doi.org/10.1007/s11269-014-0581-7
https://doi.org/10.1007/s11269-014-0581-7
https://doi.org/10.1007/s11629-013-2495-x
https://doi.org/10.15376/biores.11.4.83078324
https://doi.org/10.1111/risa.12443
https://doi.org/10.1111/risa.12443
http://www.ncbi.nlm.nih.gov/pubmed/26595377
https://doi.org/10.1016/j.scitotenv.2016.07.057
https://doi.org/10.1016/j.scitotenv.2016.07.057
http://www.ncbi.nlm.nih.gov/pubmed/27432731
https://doi.org/10.1080/13658816.2015.1087001
https://doi.org/10.1007/s10044-014-0397-3
https://doi.org/10.1007/s10044-014-0397-3
https://doi.org/10.1016/j.ymssp.2015.04.017
https://doi.org/10.1371/journal.pone.0185006

