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Hazard Assessment for Biomass Gasification Station
Using General Set Pair Analysis
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Hazard assessment is critical for a biomass gasification station because it
includes various hazardous factors. Set pair analysis (SPA) is a
convenient and effective method for hazard assessment, but it has
limitations, including (1) the inability to reflect the difference when the data
belong to the same hazard grade and (2) the assessment results lack
precision and accuracy. This study proposes an improved method
designated as general set pair analysis (GSPA). Connection measure
degree (CMD), which is based on the cosine function, as well as weighting
deviation degree (WDD), relative membership degree (RMD), and
comprehensive index (Cl) were proposed in GSPA, and the algorithms
were generated. The calculated results of these different methods can be
utilized to overcome the shortcomings of SPA during hazard assessment.
A case study of two biomass gasification stations in Shenyang City,
Liaoning Province, Northeast China, was performed. The hazard
assessment results of the GSPA were compared with those of SPA. The
results showed that GSPA is a more effective, precise, and accurate
method for hazard assessment of a biomass gasification station.
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INTRODUCTION

As a renewable energy source, biomass has tremendous potential in solving future
energy shortages (Christoforou and Fokaides 2015), and it has undergone rapid
development in China (Cherni and Kentish 2007; Zhang et al. 2015). The conversion of
biomass resources includes biodiesel, biomass to liquid (BTL), biomass gasification, etc.
(Ogunkoya and Fang 2015; Gao et al. 2016). Recently, biomass gasification stations have
been constructed and are being put into service on a mass scale across rural China. These
stations are used to reduce the burning of crop straw, which causes air pollution (Cao et al.
2007). More importantly, agriculture wastes can be made into green energy via biomass
gasification. However, produced biomass gas and biomass materials are not only
flammable, but the biomass gas has additional explosive and poisonous characteristics
(Cummer and Brown 2002; Lv et al. 2015). This burdens the biomass gasification station
with various hazards. To regulate the construction standards and to control the safety of
biomass gasification stations, hazard assessments are needed.

The hazard assessment is also called the risk assessment and is widely used in the
prediction and prevention of accidents. Various methods are employed in a hazard
assessment, such as use of the fire and explosion index (F&EI; Gupta et al. 2003; Jensen
and Jorgensen 2007), fuzzy risk assessment (Huang 1996; Vadrevu et al. 2010; Zou et al.
2012), and analytic hierarchy process (AHP; Kazakis et al. 2015; Bourenane et al. 2016).
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These hazard assessment methods are effectively utilized in diverse fields. Another hazard
assessment method that is simple in concept and easily applied is called set pair analysis
(SPA) (Wang and Li 2012). SPA is a systematic analysis method to deal with uncertain
problems as well as being an uncertainty theory to integrate certainty and uncertainty (Zhao
1994; Zhao 2000; Zou et al. 2013). For the complicated hazardous factors inherent in a
biomass gasification station, SPA is a practical method for hazard assessment and various
other fields. Wang et al. (2015b) used SPA to investigate a water leak found in a dam,
where tracer techniques were utilized to set the indices. The information entropy was
employed to confirm the weight of these indices, and the assessment results helped identify
the leakage water. Similarly, Li et al. (2011) took advantage of information entropy to
calculate the index weight. Following this calculation, they made a quality assessment of
the surrounding groundwater using an SPA. A modified SPA called the set pair analysis
method (SPAM) has been used to make system and hazard assessments of water resources
and potential landslides, (Wang et al. 2009; Wang and Li 2012). In their study, a novel
calculation algorithm for connection degree (CD) was worked out, which made the
calculations and application of the method easier in addition to making the hazard
assessment much simpler in concept. Wang et al. (2015a) presented an improved version
of the SPA model by coupling it with extenics and used this model to assess the surrounding
rock stability. In their model, the actual problem of the stability of the surrounding rocks
was described by extenics. In addition, SPA can be utilized in the multifunctional
assessment of crop production (Tao et al. 2014), assessment of river ecosystems (Jiang et
al. 2015), evaluation of sustainable water resources systems (Du et al. 2015), health
assessment of urban ecosystems (Su et al. 2009), risk assessment of water pollution sources
(Li et al. 2016), evaluation of industrial wastewater (Yue et al. 2014), and prediction
analysis of integrated carrying capacity for cities (Wei et al. 2016). However, hazardous
factors of biomass gasification station are complicated, and the safety requirements are
high. Therefore, shortcomings of SPA make it unsuitable to assess the hazard of biomass
gasification stations. For example, when the assessment results are simple, the SPA can
make explicit judgment. Using the assessment of water leak found in the dam as an example,
the assessment results only include ‘water leakage' or ‘ground water'. These simple results
make the SPA suitable to assess the situation (Wang et al. 2015b). However, biomass
gasification stations have multiple hazards that provide too many results, inevitably
resulting in an incomplete analysis. In addition, the assessment results of the SPA are not
precise enough. The assessment results are displayed as a grade. If this method was used
to perform a quality assessment of the groundwater (Li et al. 2011) and the quality
assessment results of the samples are found to be the same, i.e., the quality rank of the
samples are equal, further comparison of the samples is impossible. Obviously, these
shortcomings cannot satisfy the requirements of a biomass gasification station in order to
form a comprehensive hazard assessment. An improved SPA should be developed to
overcome these shortcomings.

For assessment of biomass gasification stations there has been a lack of hazard
assessment, and SPA has not been applied for the hazard assessment of biomass
gasification stations either. This study proposed an improved SPA called general set pair
analysis (GSPA). The process of GSPA included the calculations of connection measure
degree (CMD), weighting deviation degree (WDD), relative membership degree (RMD),
and comprehensive index (Cl). The calculation algorithms for these calculations were also
acquired. A case study of two biomass gasification stations in Shenyang City, Liaoning
Province, Northeast China was then conducted. The hazard assessment results of two
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biomass gasification stations using an SPA were also provided for comparison. To sum up,
the proposed GSPA in this study showed advantages in hazard assessment for biomass
gasification stations, including: (1) the original data of the biomass gasification station will
be handled more accurately by the calculation of CMD, that is to say, whether the data
belonged to the same hazard grade or not, the differences of the original data will be
reflected in the final hazard assessment result; (2) due to the fact that each coefficient of
CMD can be considered to make the final hazard assessment result by the calculation of
the proposed WDD, RMD, and ClI, the hazard assessment result was more scientific; and
(3) since the hazard assessment result was shown by the value of Cl, it will make the result
more quantitative and precise so that the hazard of each biomass gasification station can
be contrasted more easily. Thus, GSPA was suitable for scientific and effective hazard
assessments of biomass gasification stations.

METHODOLOGY

SPA

The core of the SPA was the integration of certainty and uncertainty, which were
then treated as a system. Identity, discrepancy, and contradistinction were used to describe
objects and their relations to each other (Wang and Li 2012). The set pair meant a pair
consisting of two sets wherein the two sets had certain and uncertain relations. Assuming
the sets given were A and B, and the set pair H=(A, B) was made up of these sets, then the
set pair H was expanded by its characteristics and the amount of characteristics was
represented by N. Among these characteristics, the amount of characteristics identical to A
and B was S, and the amount of characteristics discrepant to A and B was P. Therefore, the
amount of characteristics neither identical nor discrepant to A and B was F=N-S-P. Thus,
the values for S/N, P/N and F/N were called the identity, contradistinction, and discrepancy
degrees, respectively. The CD of H=(A, B) was calculated by Eq. 1,

u=a+bi+cj 1)

where 1 denoted CD, a denoted identity degree and a=S/N, b denoted discrepancy degree
and b=F/N, c denoted contradistinction degree and c=P/N, i denoted uncertainty coefficient
of discrepancy and the scope of its value was [-1,1], j denoted contradictory coefficient and
its value was defined as -1, and it was defined as a+b+c=1.

In addition, Eq. 1 showed the calculation of CD of a three-element SPA. However,
an SPA can be expanded into a K-element model (Eq. 2),

K-2
p=a+ Y b, +Cj (2)
n=1
K-2
where a+ z b, + ¢ =1, bn denoted different grades of discrepancy degrees, and in denoted
n=1

a component of the uncertainty coefficient of discrepancy.

In general, the impact of each characteristic was different in the set pair H; therefore,
the indices in the SPA of hazard assessment had different weights. The weight of each
index can be obtained using AHP (Saaty and Alexander 1989; Guo et al. 2015). The CD
considering weight was obtained by Eqg. 3,
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H= Z Hy O (3)
k1

where u denoted the total CD, wk denoted the weight of index k, and u« denoted the CD of
index k.
Finally, hazard grade was confirmed by the maximal CD principle. For a sample |,

assuming the amounts of the corresponding hazard grades were h, its CD was
h-2
m =a+ Y b, +cj. Ifitwas satisfied with the condition d=max{a,bs,b2,...,bn-2,c}, then the

n=1

hazard grade of sample | can be confirmed as the corresponding grade of d.

GSPA

An SPA can be used for hazard assessment, but it had limits. For example, there
was a five-element SPA model, and the corresponding five hazard grades were very low
hazard, low hazard, middle hazard, high hazard, and very high hazard, assuming the CD 1
and w2 were given as Eq. 4.

{ﬂl =0.2+0.1i, +0.3i, +0.2i,+ 0.2 j

4
4, =0.2+0.2i,+0.3i, +0.1i, + 0.2 ] )

Obviously, the hazard grade of ;a1 and w2 were both 'middle hazard', but the value of x1 and
w2 were definitely different. Hence, the actual hazard grades of u1 and w2 were different, but
the SPA could not identify the difference. However, if there was an index k, the
corresponding hazard grades of it would be very low hazard [0,2], low hazard [2,4], middle
hazard [4,6], high hazard [6,8], and very high hazard [8,10]. For a sample I, when its index
value was 0.01 or 1.99, the hazard grade of both was 'very low hazard'. Obviously, the
hazard referred to as '1.99' was higher than '0.01' and the SPA could not identify the
difference. Consequently, the limitations of the SPA were a lack of precise judgment of the
hazard degree and the cursory data handling leading to an incorrect judgment of the hazard
grade. Thus, GSPA was proposed to overcome these problems.

At the beginning of GSPA, CMD was introduced. The CMD was used to reflect the
connection between the sample and the hazard grade in each index, and its value range was
defined as [-1,1] (Li et al. 2011). In this study, the cosine function was introduced to
calculate CMD. If the GSPA was using the K-element model, the number of grades was K,
and the amounts of thresholds was K+1. Assuming the GSPA was a five-element model,
the grades were 1, 11, 111, 1V, and V. The corresponding thresholds were set as So, S1, Sz, S3,
s4, and ss. The calculation algorithm of the CMD is shown below.

1. For sample | and index k, if the index value x« was bigger when the index k was in
higher grade, the calculation algorithm of CMD is below.

Equation 5 was used to calculate the CMD for grade I.

1 Xy €[-0,8,]
Hyg =1C08[(Xy —5,) 1 (S, —8)7] %y €[S,8,] (%)
-1 Xy €[S,,+]
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Equation 6 was used to calculate the CMD for grade II.

-1 Xy € [—0,s,]0r X, €[S,,+]
= COS[(Sl — Xy )/ (Sl - So)”] Xy € [50’ 51]
. 1 Xq €[5,,8,]

cos[(Xy —S,) /(83 =8,)7] Xy €[8,,8;]

Equation 7 was used to calculate the CMD for grade I1I.

-1 Xy €[-0,s.]orx, €[s,,+x]
_ COS[(Sz - Xkl)/(sz - S1)72'] Xy € [51’ Sz]
Hi 1 X, € [32153]

Cos[(x, —83) /(84 =$5)7] Xy €[83,8,]

Equation 8 was used to calculate the CMD for grade 1V.

-1 Xy €[—0,s,]orx, [s;,+x]
0 = Cos[(s; =Xy )/ (s =5,)7] X €[8,,8:]
ol Xq €[55,5,]

cos[(Xy —S4) /(S5 —8,)7] Xy €[S4,55]

Equation 9 was used to calculate the CMD for grade V.

-1 Xy € [—o0, 53]
Hyg =9C0S[(S, —X) 1 (S, —S5)7] X, €[S;,8,]
1 Xy €[S,,+00]

(6)

()

(8)

9)

2. For sample | and index k, if the index value xu was smaller when the index k was in

higher grade, the calculation algorithm of the CMD was as shown below.
Equation 10 was used to calculate the CMD for grade 1.

1 Xy €[S, +]
Hyg =1C08[(S; =Xy ) 1 (8, —S,)7] Xy €[S,,8,] (10)
-1 Xy €[-0,s,]
Equation 11 was used to calculate the CMD for grade II.
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-1 Xy €[Sy, +oo]orx,, €[-oo,s,]
= cos[(Xy —s,)/ (s, —s) 7] Xy €[5,:S,] (11)
1 Xq € [52’51]

cos[(s, = Xa) / (S, —S;) 7] Xy €[85,5,]

Equation 12 was used to calculate the CMD for grade I11.

-1 X, €[S, +0]orx,, €[-=,s,]
cos[(x., —S,)/ (s, —5S X S.,S

= [( K 2) ( 1 2)72'] K e[ 2 1] (12)
1 Xq €[8;,5,]

cos[(s; —Xq) 1 (s;—s,)7] X €ls,,5:]

Equation 13 was used to calculate the CMD for grade IV.

-1 Xy €[S,,+oo]or X, €[-0,s;]
cos[(Xy —S;)/ (s, = ;)] X €[55,5,]

My = (13)
1 Xy €[84,5;]
cos[(s, —Xq) / (S, —S5)7] X4 €[S5.5,]

Equation 14 was used to calculate the CMD for grade V.
-1 Xy €[S, +o0]

Hyg =1C€08[(Xg —S,) /(S5 —8,)7] Xy €[8,85] (14)
1 Xq €[—o0,5,]

The total CMD of each sample was calculated by Eq. 15.

Hy = Za)k:uhkl (15)

k=1

where h denoted the hazard grade, m denoted the amount of index, and w« denoted the
weight of index k.

After the CMD was obtained, an optimization identification model was proposed.
As previously mentioned, when the value of un was closer to 1, the sample | was closer to
grade h. In contrast, if the value of un was closer to -1, the sample | was further from grade
h. Therefore, deviation degree (DD), WDD, and RMD were introduced to describe the
closeness level of sample | to grade h (Eq. 16).

WDD,, = RMD,,DD,, = RMD,, (l_za)klluhklj (16)

k=1

where DDni denoted the DD of sample | to grade h, WDDni denoted the WDD of sample |
to grade h, RMDn denoted RMD of sample | to grade h and it was regarded as the weight.
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To obtain the optimal value of RMDn, the quadratic sum of the WDD was set as
the objective function, with the WDD aimed at the whole samples and each hazard degree
(Eq. 17),

n C

min{F(RMDh.)}=min{Z WDDE.}

1=1 h=1

(17)

I=1 h=1

where n denoted the amount of sample and ¢ denoted the amount of hazard grade.
The target was tantamount to solving the minimum value of Eq. 17 under the
condition below.

D> RMD, =1 18)
h=1
RMD,, €[0,1]

Thus, the Lagrange function was constructed based on the optimization method
(Eq. 19),

L(RMD,;, 4) = Zn:i{RMDﬁl (1_iwkl/'lhklj }_/11 [ZC: RMD,, _1j (19)

where A1 denoted the Lagrange multiplier.
After that, Eq. 19 was solved and the RMD was obtained (Eqg. 20).

h ¢

RMD,, = 1/22{(1_;(0“#!3“j/[l_;wklluqkl ﬂ DD, #0 20)

p=1q=1

1 DD, =0

RMD can just reflect the relationship of the sample to each hazard grade; therefore,
the CI was introduced to describe the overall characteristics of each sample (Eqg. 21),

CI(l) =§C:h.RMDh, (21)

h=1

where CI(I) denoted the CI of sample I, h denoted the value of hazard grade, for example,
when the hazard grade was 'I', the value of h was '1', and if the hazard grade was 'V', the
value of h was '5".

At last, the obtained CI(l) can reveal the numerical hazard of sample I. When the
value of CI(I) was bigger, the hazard was higher and when the value of CI(I) was smaller
the hazard was lower. For example, assume for two samples |1 and Iz, the corresponding
values of CI(I) were Cl(I1)=2.4 and CI(l2)=2.6. This meant that the hazard grade of the two
samples was between grade 'llI' and grade 'lI', and the hazard of sample I> was higher than
sample l1.
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To sum up, the steps of hazard assessment for biomass gasification stations using
GSPA are listed below.

1. Confirmation of assessment indices and the corresponding index weight.
2. Corresponding data collection of biomass gasification stations.

3. Calculate CMD, RMD, and CI.

4. Determination of the hazard grade of biomass gasification stations.

Case Study

In this study, Huangtukan Village biomass gasification station and Yanjia Village
biomass gasification station (hereafter referred to as 'Huangtukan station' and "Yanjia
station’; Fig. 1; Fig. 2) were introduced to perform a hazard assessment using GSPA. The
two stations were located in Shenyang City, Liaoning Province, Northeast China.
Huangtukan station was located at 122.767°E, 41.718°N, and Yanjia station was located at
123.750°E, 41.996°N.

Fig. 1. Huangtukan station

Fig. 2. Yanijia station
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Confirmation and Classification of Assessment Indices

In the biomass gasification system, biomass materials were used to make biomass
gas (biogas). The generated biogas contained the flammable gases hydrogen (Hz), carbon
monoxide (CO), and methane (CH4) with CO having a high poisonousness as well (Sreejith
et al. 2013). Hence, the risks of biomass gasification were fires, explosions, and poisoning.
According to the immediate causes of fires, explosions, and poisoning in biomass
gasification stations, the 6 corresponding assessment indices (biomass gas production rate
(k1), volume fraction of CO (kz2), lower explosive limit of biomass gas (ks), artificial
ventilation atmosphere (ka), pressure relief ratio (ks) and quantity of biomass materials (ks))
were extracted.

Figure 3 shows the classifications of the assessment indices. For the confirmation
of the weight for each index by AHP, let hazard assessment of biomass gasification be the
overall objective. Then fires (p1), explosions (pz), and poisoning (ps) were set to be the
middle factors. Meanwhile, the 6 corresponding assessment indices were set to be the
criteria in AHP (Fig. 3).

After that, the pair-wise comparisons were made and the judgment matrix was then
obtained (Guo et al. 2015). The 1/9-9 scale was established to make comparison. That is
to say, assuming the two criteria m1 and m2 were set to be compared, if the two criterion
were equally important, then the judgment values in the judgment matrix would be

Ay m, =&y, =1. In addition, if the criteria m1 was more important than mz, and the

important degree was the highest, then the judgment values in the judgment matrix would
be a, , =9and a, , =1/9.

As a result, the judgment matrix for fires, explosions, and poisoning to the overall
objective was shown as Eq. 22. The judgment matrices for the 6 corresponding assessment
indices to fires, explosions, and poisoning are showed as Eq. 23, Eqg. 24, and Eq. 25,
respectively. Finally, the weight of each index was confirmed by AHP (Saaty and
Alexander 1989; Table 1).

In addition, consistency ratio (CR) of the judgment matrix was calculated based on
AHP. CR was used to estimate the judgment matrix. If the value of CR was less than 0.1,
then the judgment matrix had satisfactory consistency; otherwise, the judgment matrix has
unsatisfactory consistency, and it must be adjusted. In this study, the values of CR of the
judgment matrices M1, M2, Ms, and M4 were 0.0176, 0.0039, 0.0462, and 0.0176.
Obviously, these judgment matrices had satisfactory consistency.

Hazard assessment
of biomass
gasification

p2: Explosions

Overall objective

Middle factors pa: Fires ps: Poisoning

o ki: Biomass gas ko: Volume ks Lower a: ATt'f'.C'a' ks: Pressure ke: Q_uantny of
Criteria . - explosive limit ventilation . - biomass
production rate fraction of CO - relief ratio .
of biomass gas atmosphere materials
Fig. 3. The classifications of the assessment indices
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[EEY

P1. Py aplrpz apl,p3 1/3

a
Mi=la,, a,, a,,|= 3 1 2 (22)
a 1/2

[EEN

Ps. Py ap3,p2 ap3,p3

Ak, Aok Rk Yok 1 1/3 1/2 1
ak3,k1 ak3,k3 ak3,k4 ak3,k6 3 1 2 4
M2 = T2 12 2 (23)
ak4 Ky ak4 k3 ak4 Ky ak4 Ke 1 l
Ak Ak gk Ak | 1 1/4 1/2 1
Bk Bk Fk Bk | [1 1/4 1/2 1/3
ak3 K ak3 kg ak3 Ky ak3 ks 4 1 2 3
M= 2172 1 2 @)
a'k4,k1 ak4vk3 akzlvkzl ak4vk5
Ak Bk Bk Bk | 3 1/3 1/2 1
Ak Yk, Sk, 1 3 1/2
M, = A Ao By |= 1/3 1 1/4 (25)
Bk Bk, gk, 2 4 1
Table 1. Weight of Index
Index Weight
Biomass gas production rate (k1) 0.1586
Volume fraction of CO (k2) 0.0293
Lower explosive limit of biomass gas (ks) 0.3594
Atrtificial ventilation atmosphere (k4) 0.3273
Pressure relief ratio (ks) 0.0985
Quantity of biomass materials (Kke) 0.0269

Index ki denoted the volume of produced biomass gas per hour (m®/h). Index k2
denoted the volume fraction of CO in the produced biomass gas (%). Index ks denoted the
lower explosive limit of the produced biomass gas (%). Index ks was reflected by the air
change rate (time/h). Index ks was the ability of pressure relief when the biomass
gasification station met fires and explosions, and it was calculated using Eqg. 26 (China
tMoPSotPsRo 2014),

C=A/10v?? (26)

where C was the pressure relief ratio (m?/m?), A was the area of pressure relief (m?), and V
was the volume of the biomass gasification station (m?). Index ke was the quantity of
biomass materials stored in the biomass gasification station (m?).

In this study, the GSPA was set to be a 5-element model, and the corresponding
hazard grades were very low hazard (1), low hazard (I1), middle hazard (I11), high hazard
(1V), and very high hazard (V). The classification of hazard grades is given in Table 2, and
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the classification was based on the related standard of PRC (China MoAotPsRo 2001,
China MoAotPsRo 2005; China tMoPSotPsRo 2014).

Table 2. Classification of Hazard Grade

Hazard Grade

Indices I T T WV, V;

Biomass gas production

s 100-500 | 500-1000 | 1000-3000 3000-5000 >5000
rate (ki; m°/h)

Volume fraction of CO

(kz; %) 0-5 5-10 10-15 15-20 20-100
Lower explosive limit of
biomass gas (ks; %) 100-30 30-20 20-15 15-10 10-0
Avrtificial ventilation
atmosphere (ks; times/h) ~12 12-9 9-6 6-3 3-1
Pressure relief ratio >0.25 | 0.25-0.2 | 0.2-0.16 0.16-0.11 | 0.11-0.03

(ks; m?/m?3)

Quantity of biomass

materials (ks: m?) 0-10 10-5000 | 5000-10000 | 10000-50000 | >50000

Data Collection

The data of Index ki and ks were obtained immediately from the construction
parameter of the biomass gasification station. The data of Index k2 and ks were collected
by measuring the produced biogas. The data of Index ks were calculated using the
construction and size of the two biomass gasification stations and Eq. 26; where the area
of pressure relief was equal to the area of windows and doors (China tMoPSotPsRo 2014).
As shown in Figs. 4 and 5, the area of pressure relief for Huangtukan and Yanjia stations
was 17.22m? and 46.82m?, respectively. The volume of the Huangtukan and Yanjia
biomass gasification stations was 149.18 m® and 315.16 m?®, respectively.

A

14.50m

1 1 1 1 1

Window 1 Window 2 Window 3 Window 4 Window 5

\

Gasification and cleansing room

Biomass
E materials
o
~ | storage room
Wir'1d_o‘w7 Door 2 Wir'\d_o|w8
Size

Door 1

Window 1-2: 1.35mx1.42m
Window 3-5: 0.74mx1.41m
1 Window 6-8: 1.33mx1.27m
Window 6 Door 1: 2.20mx0.81m
Door 2: 2.52mx1.35m
Room height: 3.12m

-« 1.38m —»|

y [ 3.26m —»——— 3'.8_6|m E——

Door 3

Window 9  Window 10

Fig. 4. Size of Huangtukan station
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As it can be seen in Fig. 4, it needed to be noted that the location of the windows
9-10 and the door 3 was an independent room, and the room was divided off from the
biomass materials storage room and the gasification and cleaning room by a wall. Hence,
the independent room was left aside in the calculation of pressure relief ratio of
Huangtukan station. Then the pressure relief ratio was calculated by Eq. 26. The data of
Index ke were confirmed by the volume of the biomass materials storage room. In general
the value of ke was set as one third of the volume of the biomass materials storage room.
All data are listed in Table 3.

~——sx%m——» Size
Window 1 ? Window 1-7: 1.78mx1.47m
‘; e Window 8-10: 1.78mx0.95m
k<] Hg Door 1-2: 2.64mx0.84m
N £Td Door 3-5: 2.66mx2.38m
§ = ¢ Room height: 3.78m
. WirEw 3 WirEw 4 Wirmw 5
Biomass
E materials
o (w0
© § storage room o -
e Gasification and cleansing room

Window 10

Window 9 Door 1 Door 2 Window 8 Window 7 Window 6 Door 3
— 1 — —
- 15.53m >

——

Fig. 5. Size of Yanjia station

Table 3. Index Data of Huangtukan station and Yanjia station

Indices Huangtukan Station Yanjia Station
Biomass gas production rate (ki; m%h) 300 600
Volume fraction of CO (kz; %) 20.26 17.73
Lower explosive limit of biomass gas (ks; %) 18.47 21.98
Artificial ventilation atmosphere (ka; times/h) 10 8
Pressure relief ratio (ks; m?/m?3) 0.0612 0.1011
Quantity of biomass materials (ks; m3) 13.54 29.26

RESULTS AND DISCUSSION

Calculation of CMD

The CMD was obtained from Table 3 and Eqgs. 5 through 14 (Table 4). The total
CMD was computed using Table 1 and Eq. 15 (Table 5).

The assessment results revealed that the hazard grades of Huangtukan station and
Yanjia station were both between ‘low hazard' (grade I1) and ‘'middle hazard' (grade I1I),
with the hazard grades falling closer to 'middle hazard'. The value of the ClI also implied
that the hazard of Yanjia station was higher than that of Huangtukan station.
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Table 4. Calculation of CMD

Indices i ol Ju v v
. Huangtukan Station
Biomass gas 1 0 | 1 1 1
production rate (ka; = -
m3h) Yanjia Station
0.8090 1 | -0.8090 | -1 -1
Huangtukan Station
Volume fraction of CO -1 -1 | -1 | -1 1
(k2; %) Yanjia Station
-1 -1 | -0.1440 | 1 0.1440
Huangtukan Station
Lower explosive limit -1 0.5724 | 1 | -0.5724 -1
of biomass gas (ks; %) Yanjia Station
-0.8127 1 | 08127 | -1 -1
Artificial ventilation 05 1 Hua|ngtuk%n55tatlon 1 1
atmosphere (ks; —~ T - -
times/h) Yanjia Station
-1 0.5 | 1 | -0.5 -1
Huangtukan Station
Pressure relief ratio -1 -1 | -1 | -0.3387 1
(ks; m2/m3) Yanijia Station
-1 -1 | -1 0.9395 1
Huangtukan Station
Quantity of biomass =1 1 | =-1 | -1 -1
materials (ks; m%) Yanjia Station
0.9999 1 | -0.9999 | -1 -1
Table 5. Calculation Result of Total CMD
Sample v ot oI v v
Huangtukan Station -0.4654 0.4321 0.2098 -0.7812 -0.7444
Yanjia Station -0.5920 0.5808 0.3615 -0.5867 -0.7695

Calculation of RMD and CI
After the CMD was obtained, the RMD and CI were obtained using Table 5 and
Eqgs. 20 through 21 for further analysis (Tables 6 and 7).

Table 6. Calculation of RMD

Sample RMD RMDy RMDu RMDuv RMDv
Huangtukan Station 0.1351 0.2718 0.4279 0.1127 0.0526
Yanijia Station 0.0850 0.2106 0.5101 0.1409 0.0535
Table 7. Calculation of ClI
Sample Cl Hazard Grade
Huangtukan Station 2.6758 -1
Yanijia Station 2.8674 -1l
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Comparison of Assessment Results between GSPA and SPA

As an improved hazard assessment method based on SPA, GSPA was proposed in
this study. The essence of SPA and GSPA in the hazard assessment was similar, i.e., their
aims were both the assessment of the hazard data of the hazard assessment objective and
the confirmation of the hazard grade. However, there are some shortcomings of SPA, as
previously mentioned, and the proposed GSPA can overcome these shortcomings. In order
to discuss the advantage of GSPA over SPA, the comparison of assessment results between
GSPA and SPA was made. Then SPA was employed to evaluate the hazard of Huangtukan
station and Yanjia station. Equations 2 and 3 and Table 1 were used to calculate the CD
based on the maximal CD principle (Table 8).

Table 8. SPA Results of Huangtukan station and Yanjia Station

Sample CD (u) Hazard Grade
Huangtukan _ : : . .
Station 11=0.1586+0.3542i1+0.3594i>+0.0000i3+0.1278] I
Yanjia Station 12=0.0000+0.5449i1+0.3273i2+0.0293i3+0.0985j Il

The SPA results showed the hazard grade of Huangtukan station was 'middle
hazard' (grade I11), and the hazard grade of Yanjia station was 'low hazard' (grade I1). The
hazard grade of Huangtukan station was higher than that of Yanjia station. As previously
mentioned, SPA has shortcomings. For example, for the index ks (pressure relief ratio), the
value of Yanjia station was 0.1011, whereas the SPA just regarded the value as grade V.
In actuality the value was very close to the boundary between grades IV and V, and the
SPA did not recognize the difference. However, GSPA overcame this problem using CMD
calculations. However, for the CD obtained using an SPA, the hazard grade was confirmed
only by the maximal coefficient based on the maximal CD principle. For example, for the
CD of Huangtukan station, the coefficients of i1 and iz were almost the same, but the hazard
grade was confirmed by the slightly bigger coefficient of i2. These shortcomings made the
assessment results incomplete. This is the reason for the differing assessment results
between SPA and GSPA. In addition, the assessment results can just reflect the hazard
grade given by SPA, while GSPA can make the assessment results more quantitative. For
example, the assessment results of Huangtukan station and Yanjia station by GSPA showed
that the same hazard grades, but the value of the CI revealed that the hazardousness of
Yanjia station was higher.

The above analysis showed that GSPA was an effective and useful method for
evaluating the hazardousness of a biomass gasification station. These hazard assessment
results can be used as a reference when determining the acceptance inspection standard for
the built biomass gasification stations.

Limitations and Prospects

In this study, 6 assessment indices were established to carry out a hazard assessment
for biomass gasification stations using GSPA. However, the entire hazard causes of
biomass gasification stations can't just be reflected by the 6 assessment indices. Many
causes will lead to fires, explosions, and poisoning in biomass gasification stations, such
as the tar, human error, weather factors, etc. As the bottleneck of biomass gasification
technology, the tar is especially critical. Whereas the above causes were not the immediate
causes of fires, explosions, and poisoning in biomass gasification stations. For example, as
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one of the ingredients of the produced biomass gas, the tar will lead to the blocking of
equipment, and then the blocking may lead to the damage of equipments and gas leakage,
and the gas leakage may lead to fires, explosions, and poisoning in biomass gasification
stations immediately. To sum up, the tar was an indirect cause of fires, explosions, and
poisoning. Similarly, the other causes such as human error and weather factors are also
indirect causes of fires, explosions, and poisoning. As previously mentioned, the hazard
assessment for the biomass gasification station using GSPA was made according to the
immediate causes of fires, explosions, and poisoning in this study, and the hazard
assessment can be regarded as a specific hazard assessment based on the immediate causes.
For the further work of our study, the indirect causes including the tar, human error,
weather factors and so on can be considered to make a more comprehensive hazard
assessment for the biomass gasification station.

CONCLUSIONS

1. GSPA is a novel approach based on the study of the use of an SPA, and it was found
to be suitable for hazard assessments of biomass gasification stations. The maximal CD
principle was abandoned by the GSPA to make hazard assessment. Instead, the GSPA
made an overall consideration for each coefficient to obtain the final hazard assessment
result. Moreover, the data handling was more accurate by GSPA. Hence, the hazard
assessment results found after using the GSPA are much more effective and scientific.

2. The collected data can be handled effectively by the calculation of CMD. It overcame
the shortcomings of the SPA in terms of data handling within the same hazard grade
and will enhance the accuracy of hazard assessment results. Also, insufficient data
utilization can be overcome by the calculation of WDD, RMD, and CI. Thus each
coefficient of CMD will be integrated to make a precise hazard assessment result by
the calculation of WDD, RMD, and CI.

3. In contrast to SPA, the hazard assessment results of GSPA used numerical values
instead of grades to describe the hazardousness of biomass gasification stations.
Therefore, it is more convenient to make a comparison of the degree of hazard between
two or more biomass gasification stations.
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