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Abstract As the transition to renewable energy sys-
tems is accelerating, anaerobic digestion, which is one of
the methods of energy recovery from organic substrates,
continues to be studied with great interest by scientists.
Anaerobic digestion research and applications are mostly
carried out with biochemical methane potential (BMP)
tests to decide the methane potency of sewage sludge,
energy crops, and organic wastes. Unlike long and costly
continually reactor experiments, actually, BMP tests are
cumulative and can be performed with a relatively low
investment of materials, technical labor, and also time.
For the BMP to give accurate results, the effect of all the
tools and technical parameters used in the implementa-
tion of the BMP should be well understood. In such situ-
ations, it is very useful to apply fuzzy logic methods in
multi-criteria decision-making stages when more than
one parameter changes at the same time. Therefore, in
this study, fifteen parameters were determined and ana-
lyzed with the fuzzy DEMATEL (decision-making trial
and evaluation laboratory) method to understand the
cause-effect mechanism of the technical parameters of
BMP. As a result of these analyses, it was seen that the
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material of the reactor (ri—cj value of 0.55), the particle
size (r;-¢; value of 0.43), the effect of mixing (r;-c; value
of 0.32), and the amount of the total solids (TSA) (r;-¢;
value of 0.25) had a high effect in the causal sense. It
was observed that the first-order parameter (material of
reactor) was 27% stronger than the second-order (the
particle size) parameter in terms of causality. Likewise,
the second-order parameter is 34% stronger than the
third-order parameter (the effect of mixing) in terms of
cause effect. In addition, it was understood that the most
effective parameters in the mechanism of effect were pH
(ri+cj value of 3.41), C/N ratio (ri+cj value of 3.26),
and temperature (r;+c; value of 3.07), respectively.
Besides, high methane yield is seen in mesophilic condi-
tions. The average cumulative biogas yield of the reactor
is 282.1 NmL/g VS. The highest percentage of methane
formed in the biogas occurred on the 21st day. Briefly,
this study is important to provide a facilitating way for
researchers working on BMP to understand the cause-
effect mechanism of system technical requirements.

Keywords Biochemical methane potential - BMP -
Vegetable waste - Fuzzy DEMATEL

Introduction

The rapidly increasing world population is one of the
most significant factors underlying environmental

issues. Due to population growth and the rapid deple-
tion of traditional energy resources in parallel with
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this, these resources cause greenhouse gases, which
forces societies to use their existing energy potential
more effectively on the one hand and to find new
energy sources on the other (Li et al., 2020). The type
of energy called renewable energy has come to the
fore as an alternative to fossil fuels in energy produc-
tion (Qiao et al., 2011). The search for alternative and
safe renewable energy sources that are not fossil-
based has a high priority in many economies around
the world. Due to the global population growth trig-
gering rapid urbanization and industrialization, criti-
cal problems have arisen in solid waste disposal
(Stiirmer et al., 2021). Vegetable waste is usually a
major portion of any municipal solid waste (MSW5s).
Biogas is mainly composed of CH, (50-75%) and
CO, (25-45%), and when combusted with air mainly
releases CO,, water vapor, and nitrogen. Biomethane
production is an alternative to natural gas, which is
one of the renewable energy sources (O’Connor et al.,
2021). Vegetable waste is a very important residue
class because it is produced in significant quantities
due to the high human requirements. In the literature,
the subject of BMP has been investigated in a multi-
faceted and detailed manner. Santos et al. (dos Santos
et al., 2020) determined the kinetic parameters for
scale-up and assessing the methane-producing poten-
tial of fruit wastes (passion fruit peel, orange, and
cashew pulp). Abunde Neba et al. (Abunde Neba
et al., 2020) developed an approach that combines
reachable regions and fuzzy multi-criteria decision
methods for the design of multistage anaerobic
digesters without using a kinetic model and to model
their optimal configuration. Ansari et al. (2017) deter-
mined the biomethane potential of dried powdered
algae, heat-treated algae, lipid-extracted algae, and
protein-extracted algae. Justesen et al. (2019) studied
the development and validation of a new gas density-
based method to measure BMP with minimal invest-
ment in materials and equipment. Seekao et al. (2021)
used mechanical models based on Monod kinetics to
define the experimental results acquired from co-
digestion of palm oil mill effluent with chicken
manure and crude glycerol. Konrad et al. (2021) com-
pared and analyzed the efficiency of an automated
measurement system for biogas flow with control per-
formed by a programmable logic controller called
SAMB with widely distributed commercial equip-
ment for this purpose, namely automatic methane
potential testing. Olabi et al. (2020) proposed an
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artificial intelligence-based methodology to improve
methane production from waste paper, and during the
fuzzy logic-based modeling and optimization process,
beating time and feedstock/inoculum ratio were used
as decision variables to maximize methane produc-
tion. Ward et al. (2008) reviewed existing optimiza-
tion techniques for anaerobic digestion and identified
possible areas for improvement, including key design
considerations of reactor configuration, type, strength
and duration of mixing regime, and active substance
retention. Optimization of environmental conditions
inside the digester such as microbial biomass, tem-
perature, pH, buffering capacity, and fatty acid con-
centrations in the reactor is analyzed. In a study by
Casallas-Ojeda et al. (2020), the simultaneous inci-
dence of two important variables in anaerobic diges-
tion of food waste was evaluated: temperature (20, 35,
and 55 °C) and head space (20, 35, and, 50%). These
can affect the kinetics of the process, the pH, and thus
the BMP. Diaz-Cruces et al. (2020) aimed to investi-
gate the effect of lactate fermentation type on the
BMP of tequila vinasse. During methanogenesis, all
tested raw materials resulted in different BMP perfor-
mances. Primary lactate fermentation (from carbohy-
drates to the lactate +acetate) resulted in the highest
BMP (435.9 NmL CH4/g VS added) and methane
production rate (105.8 NmL CH4/day). Choi et al.
(2020) investigated the effect of carbon type and car-
bon to nitrogen (C/N ratios) on the anaerobic diges-
tion properties of organic wastes. As a result of the
study, it was determined that the lag phase was only
affected by the carbon type (p<0.05). Ammonia
nitrogen was mainly affected by nitrogen concentra-
tion (p<0.05), regardless of carbon type. Another
result of the study showed that xylan is useful as a
raw material to reduce the lag phase and ammonia is
affected independently of nitrogen concentration.
Bernacchi et al. (2014) carried out a study to screen
for parameters affecting the growth to crop yield of a
biological methane production process. The authors
noted that Y(x/CH,) could be used to adjust the car-
bon flux of the bioprocess in an industrial application
by reducing Y(x/CH,) to identify limiting or inhibit-
ing conditions during media development tasks and
also to improve the carbon balance of the reaction.
Gunaseelan (2004) studied to determine methane
conversion rates and BMP of 54 fruit and vegetable
waste samples and eight standard biomass samples. It
was found that the temperature did not affect the
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ultimate methane yields of the mango peels, but the
conversion kinetics were higher at 35 °C than at
28 °C. Chandrasekhar et al. (2021) conducted a study
to evaluate the effect of three different pretreatment
strategies, namely acid, alkali, and hydrothermal pre-
treatment, on the BMP of seven different date palm
biomass. The authors found that chemical composi-
tion and lignocellulosic morphologies strongly influ-
ence methane yield. Gu et al. (2021) investigated the
effects of wear ball mill pretreatment on food waste
particle size, soluble chemical oxygen demand, BMP,
and microbial community during anaerobic digestion
based on grinding speed and time. The authors
observed that the extended milling time did not sig-
nificantly improve methane production. They stated
that methane productions of 490, 510, and 500 mL/g-
VS were observed when the grinding speed was fixed
at 300 rpm and grinding times of 10, 20, and 30 min
were applied, respectively. Ewunie et al. (2021)
examined the effects of mechanical, steam explosion,
and alkali pretreatment on the chemical composition
and methane yield of Jatropha curcas fruit shell
(JCFS) under various process conditions. The authors
indicated that compared to the untreated sample,
grinding the JCFS to a particle size smaller than
1 mm increased the methane yield by 74.23%, while
in the optimum steam explosion pretreatment process
(160 °C, 5 min), the methane yield increased by
54.75%. Giwa et al. (2021) evaluated the effect of
mixing anaerobic co-digestion of food waste and
black water to determine the BMP. The authors deter-
mined that kitchen waste, which has an equal mixing
ratio of 50% v/v with black water, has the highest bio-
chemical methane potential with 295.13 mL CH,/g
VS when digested together. It is understood from all
these literature studies that it is very important to
understand the causal and effectual relationships of
the parameters affecting a BMP system with each
other. In such cases, the experience of the experts in
the subject is of great importance. For this reason, the
fuzzy DEMATEL method is used in the literature to
examine systems consisting of multi-criteria, com-
plex, and frequently interacting parameters. It is a
method used successfully in nearly all fields of sci-
ence such as medicine (Suzan & Yavuzer, 2020),
social sciences (Abdullah & Zulkifli, 2015), and in
many different engineering fields (Bashan & Demirel,
2018; Bashan & Ust, 2019; Bashan et al., 2020;
Tseng & Lin, 2009). In this context, the aim of this

study is to evaluate the amount and quality of biogas
produced from vegetable waste and also reveal the
cause-effect relation of vital parameters of BMP by
using fuzzy DEMATEL methods.

Materials and methods

Vegetable wastes (VW) were collected from IBB
Bayrampasa vegetable market (at 41°04'59.10" N
latitude, 28°9028.40” W longitude). All nutrients
were crushed to a mean particle size of 1-2 mm by
an electrical grinder (BB51, Retsch, Germany).

A sample of wet VW was weighted (W) and
dried in an oven at 105-110 °C until a constant
weighted (W,,) was achieved. Such process was
measured in triplicate and total solid (TS) was then
calculated with the mean value as given in Eq. (1)

Wdry
78(%,,) = 100 1)

wet

The volatile solid (VS) composition of the VW
was assumed to be equal to 83%. Experiments
were performed in terms of triple batch testing for
32 days. In each series of experiments, the gram
amount of VW was prepared to be 10 g VS/(1.d).

The inoculum and basal medium were prepared
according to the method provided by Cetinkaya and
Yetilmezsoy (2019). The batch experiments were
performed in glass serum bottles with a total volume
of 300 mL of which 80% was kept as working vol-
ume (feedstock +anaerobic granular sludge + basal
medium) and the remaining 20% as headspace.
Biogas was collected in gas collection bags (Sigma-
Aldrich, Germany) for the determination of CH,
content. Daily volume of biogas was measured with
the help of gas syringe. The biogas composition was
obtained using a gas chromatograph (Shimadzu®
GC-2014, Kyoto, Japan) which has a TCD (thermal
conductivity detector).

Analytical methods

The pH of samples was determined by using a
HI98108 pHep+® waterproof pocket pH tester with
0.01 pH resolution (Hanna Instruments, USA). TS
and VS were measured according to procedure 2540
B of Standard Methods (APHA, 2012). To ensure
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reproducibility, each analysis was carried out in tripli-
cates at least three times. The TS value of the sample
is 19.4 (0.12), VS value is 18.7 (0.16), and pH 3.

Research methods of fuzzy approach

Anaerobic digestion is a known technique that has
been used for many years to treat waste and thereby
obtain renewable energy. As can be understood from
the literature, many different types of organic waste
can be separated and used as raw materials to pro-
duce biogas through the anaerobic digestion process.
However, the biodegradability and methane potential
of these materials can differ significantly. These situ-
ations are important when considering the industrial
biogas plant design and the operation and economy
of this plant. Therefore, it is very important to ana-
lyze raw materials before anaerobic digestion. BMP
testing is one such approach and is widely used to
analyze feedstock, namely biodegradability and meth-
ane potential (Wang et al.,, 2014). However, there
are many parameters that affect the BMP test. For
example, some studies in the literature include sub-
strate pretreatment, inoculum source, and digestion
temperature (Carlsson et al., 2012; Facchin et al.,
2013; Lianhua et al., 2010). But, these are not the
only parameters. Fifteen important parameters that
are effective in the BMP process are shown in Table 2
below, and the cause-effect mechanism of all these
parameters with each other is investigated. In this
context, the next section analyses integrated fuzzy
sets and DEMATEL approaches for revealing the
causal and effect relation of BMP parameters.

Fundamentals of fuzzy logic and fuzzy sets used in
BMP

Lotfi A. Zadeh suggested the use of fuzzy logic strat-
egy in situations where there is often inextricable
uncertainty and ambiguity in human decisions. Many
issues in real life, especially in engineering applica-
tions, depend on more than one variable and these
variables affect each other in an obscurity (Zadeh,
1996). It is a known fact that linguistic terms can be
used to analyze the system by taking the opinions of
individuals or groups on a complex technical issue,
and then, these terms can be converted into fuzzy
numbers and healthy solutions can be obtained. In
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this way, complex decision-making problems are
solved with the help of fuzzy numbers. A triangular
fuzzy number (TFN) can be explained as a triplet
A= (I, m, u) where I, m and u denote lower, medium,
and upper numbers of the fuzzy which is crisp and
real numbers (x <y < z). The membership function
of a TFN can be shown as Eq. (2) below:

0, x<l
x=D/m-=D, I<x<m

AT wu—x)/(u—m), m<x<u @
0 xX>u

Figure 1 contains the representation of a TFN
described above. The particulars of the relationship
between verbal statements and TFNs are given in
Table 1. In addition, fuzzy ratings and membership func-
tions are illustrated in Fig. 2 to understand the system.

For any two randomly chosen TFNs Z] = (ll LMy, U )
and Zz = (I, m,, u,), the mathematical calculation of
two TFNs can be represented as below:

TFNs between the nested transactions;

The operation of removing triangles among fuzzy
numbers;

Zl +Zz = (ll + L, my +my,u +“2) (3)

A —-A = (ll — Uy, My — My, Uy — 12) 4)

Multiplication between TENs;

0

Fig. 1 Triangular fuzzy number (TFN)



Environ Monit Assess (2022) 194:661

Page 5of 14 661

Table 1 Linguistic relationship between verbal terms and
TFN

Linguistic (verbal) terms TFEN

No influence (No) (0, 0, 0.25)
Very low influence (VL) (0, 0.25,0.5)

Low influence (L) (0.25, 0.5, 0.75)
High influence (H) (0.5,0.75, 1)
Very high influence (VH) (0.75, 1, 1)

leﬁz = (llxlz, myxm,, ulxuz) 5)

Arithmetic operation for TFNSs;

JxA | = (kxly, kemy k), (k > 0) (6)

Zl B I, m u > 0) ™
k= \k k' k)

Equation (8) is used to obtain the normalized direct
relationship matrix (NDRM). It should be known that
all diagonal elements (values) in the matrix must be
zero. Furthermore, the total relationship matrix T
can be obtained by using Eq. (9). Finally, r; and ¢; are
obtained with the help of the Eqs. (10) and (11).

G = L an

Combination of fuzzy sets and DEMATEL method

Fuzzy sets and DEMATEL methods are used together
in order to make an effective and sensitive evalu-
ation. A flowchart of how to use the fuzzy DEMA-
TEL method is shown in Fig. 3. The basic sequences
of methods are also shown as follows (Chen-Yi et al.,
2007; Liou et al., 2008; Wu & Lee, 2007).

Step 1: Identify experts: It is important to choose
experts who have worked on BMP and has suffi-
cient experience. It is critical to obtain meaningful
results that they have studied the effects of many
parameters affecting BMP.

Step 2: Identify factors and construct fuzzy scale:
Experts who have worked on BMP and have pro-
found knowledge on this issue need to determine
the most important criteria. This step is very
important to understand the cause-effect relation-
ship between problems and/or technical features
during the BMP process. Five scales (no effect,
very low impact, low impact, high impact, and
very high impact) were used due to verbal vari-

_ 1 ables, linguistic terms, and fuzzy numbers for the
S ay 3 experts to make an easy assessment. Once these
tisn TS relationships are established, experts carefully

evaluate and compare the criteria in pairs. How-
T=D(1-D)" 9 ever, when making this comparison, it is difficult to
determine to what extent one factor affects another.
;o= Z ‘. To overcome this difficulty, fuzzy scale has been
' 1Sen Y (10) proposed. According to this scale, the effect of one
Fig. 2 Fuzzy ratings and ”-(X)
their membership function A
No VL L H VH
1
I I |
I | I
I I I
I | I
I I I
I I I
P x
0 0.25 0.5 0.75 1
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Fig. 3 Flow order of the
fuzzy DEMATEL approach

\ * Identification of subject experts
(Bashan & Demirel, 2019)

* Identify criteria and construct fuzzy scale

* Obtain evaluation of the group decision makers

e Establish normalized direct-relation fuzzy matrix

* Provide total-relation fuzzy matrix

* Analyse the structural model

* Defuzzified ritcj and ri-cj values

» Show cause-effect relation diagram

* Explain preventive and informative measures

C€E€EEEEEELEL

factor on another factor is accepted as a linguistic sidered as TFN. The following calculation is done
variable and is expressed in Table 1 above. Then, sequentially.
the relevant TFNs are allocated. . . .
Step 3: Acquire an evaluation of the experts: ~ ~
.= .= l iy o i
Comparison between criteria is obtained in terms b Z i FZ]‘ v ]:21‘ i ]:Zl‘ “i s

of verbal variables. In addition, all fuzzy evalu-
ations are defuzzified and aggregated as a crisp

value. Finally, the initial direct-relation fuzzy _ S
s . } y = max Z u; (15)
matrix (E) of the BMP experts is obtained.

j=1
- 0o - Eln Also, linear scale transformation is applied to con-
E=| (12) vert the factors to their corresponding scales. The
E, - 0 NDRFM (F) of group decision-makers can be
shown as follows.
& = (1 my.uy) (13) SR
- Fy, ... F,
Step 4: Indicate NDRFM: With the help of F=1: - (16)
the first direct relation matrix, the NDRFM is Z‘nl Nnn

obtained. To ensure that, firstly ﬁNL and y as are con-

@ Springer
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TG (Y
where f; = - = <—, =,

yor v
Step 5: Determine total-relation fuzzy matrix:
First of all, after the NDRFM is created, making

sure that lim F* = 0 the total relation fuzzy matrix

W—> 00

is calculated. Then, the exact state of the total rela-
tion fuzzy matrix is determined as follows.

T=$g§o<F+F2+"'+F0)> (7

R T

T=|: - (18)
Tt «ev Lo

where tlj_ = (l” ! ’)

Matrix l:}’] = Fux(I - Fl)_1 (19)

Marrix|mj| = F,x1 - F,)"" (20)

Matrix|ulf| = F,x1 - F,)" @1

Step 6: Evaluation of the fuzzy structural model:
After calculating matrix T, 7;+7¢; and 7, —¢; are
calculated. In the equation, 7; and ¢ denote the
sum of the rows and columns of matrlx T. While
7; +¢; shows the significance of factor i, 7;-¢;
indicates the net effect of factor i.

Step 7: Defuzzify T;+¢; and F; —¢;: Since then,
7;+¢+ and T, —¢; are defuzzified by using the
COA (center of area) defuzzification method which
is created by Ross (2009) for determining BNP
(best non-fuzzy performance) value. For a convex
fuzzy number &, a real number z* corresponding to
its center of area can be shown as below (Gumus
et al., 2013).

. f uz(2)zdz
[ uz(2)dz

The BNP value of a fuzzy number G = (ll], my, ;)
can be calculated with below formula.

(22)

uij—lij+mij—lil-
BNP; = — + l,-j 23)

Step 8: Show cause-effect relation diagram: As a
result of these processes, the r; + ¢; and r; — ¢; data
sets are represented, and a dlagram of the cause-
effect relationship (cause above the origin and
effect below the y-axis) is created. The calculation
can be done with step 6.

Step 9: Explain importance of parameters: It should
be briefly stated why among the parameters that have
the highest priority in terms of cause-effect, their
effects on the system are higher.

Using the fuzzy DEMATEL method in BMP
problems

This part contains the fuzzy DEMATEL method
applied to assess the most effective parameters for
biochemical methane potential. The relationships of
15 critical components determined by a general eval-
uation are discussed.

Important parameters of BMP and system description

Common important parameters of BMP are listed in
Table 2 below. Also, a simple schematic diagram of
the BMP system is shown in Fig. 4. Considering the
details of these parameters in the sub-fractions, impor-
tant parameters in the BMP system were determined.

Application of the Fuzzy DEMATEL method on the
BMP

The vital parameters affecting the BMP system are
provided in Table 2 and the above detailed envi-
ronmental engineers (academicians) were asked to
analyze the relationship between these 15 impor-
tant process parameters, to compare and analyze
the parameters pairwise. These academics are in the
department of environmental engineering and they
are full-time professors, each with at least 20 years
of experience. Afterward, the average of the opin-
ions of these three experts was obtained according
to the principles of the fuzzy DEMATEL method.
Three experts separately agreed on the results. Envi-
ronmental engineers experienced at BMP evaluated
the relationship between 15 technical components
identified using a fuzzy verbal scale. The obtained
direct fuzzy matrix is shown in Table 4. Afterward,
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Table 2 The most vital parameters of BMP

Code Parameters

C1 Temperature

C2 pH

C3 Type of organic matter

C4 Hydraulic dwell time

Cs C/N ratio

Cé6 Toxins

C7 Total solid amount (TSA)

C8 Volatile matter concentration (kg/m3)
Cc9 The effect of mixing

C10 Type of graft mud

C11 Effect of pressure

C12 Particle size

C13 Reactor volume and dimensions

C14 Reactor material

C15 The heating system and insulation properties

an NDRFM was obtained with the help of Egs.
(14)—(16). The results of the NDRFM are shown in
Table 5. To obtain the total relation fuzzy matrix,
Eqgs. (17)—(21) are used. Besides, Table 6 shows the
total-relation fuzzy matrix. Lastly, Table 7 shows
defuzzified threshold values of T-matrix and also
fuzzy values of 7,,¢; 7;+¢;, and 7; —¢; are shown
in Table 8 and finally in the presence of above, by

N

Biogas collection bag
-~ /
:u — ~ ‘0\

AN

Basal medium

Anaerobic granular sludge

Incubator (3531°C)

Fig. 4 Schematic diagram of experimental BMP analysis

@ Springer

using Egs. (22) and (23), the crisp values have been
obtained and given in Table 9.

Results and discussion
Biogas yield

In Table 3, the results of the average daily biogas
yield and the average cumulative biogas yield meas-
ured from VW are shared.

The average cumulative biogas yield of the reac-
tor is 282.1 NmL/g VS. It was seen that biogas pro-
duction decreased with time. The highest percent-
age of methane formed in the biogas occurred on
the 21st day. This low methane yield is most likely
due to the conversion of organic matter to interme-
diates such as VFA (Unyay et al., 2022).

Findings and interpretations of the BMP parameters
relations

The DEMATEL method aims at solving complex
problems. This method has been developed in order
to understand and develop the solution logic of
multi-parameter problems or systems, and to define
applicable solutions according to the effect of prob-
lem groups or system parameters. The DEMATEL
method provides the basis of graph theory and divides
the factors that provide a clear understanding of the
causal relationship as cause and effect. The method
examines the structure, relationships, and alterna-
tives between components. It includes a conciliatory
cause-effect model. It deals with indirect interactions.
The criteria are in order of priority according to the
types of relations and the degrxee of importance of
the effects they have on each other. Cause criteria are

Table 3 Average cumulative biogas yield and methane con-
tents of reactors

Time (days) Cumulative biogas yield =~ Methane (%)
(NmL/g VS)

7 235.0 (22.0) 75.521 (1.3)

14 256.0 (21.0) 77.842 (1.5)

21 312.0 (23.0) 79.230 (1.6)

32 325.4 (19.0) 76.412 (1.3)
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Table 4 The initial direct-relation fuzzy matrix

C1 C2 C3 Cc4 C12 C13 C14 C15
Cl (0,0,0.25) (0.75,1,1) (0,0,0.25 (0,0, 0.25) (0.25,0.50,  (0,0,0.25)  (0,0,0.25) (0.75,1, 1)
0.75)
C2 (0.50,0.75,1) (0,0,0.25) (0, 0.25, (0, 0, 0.25) 0.17,0.42,  (0,0,0.25)  (0,0,0.25) (0.75,1, 1)
0.50) 0.67)
C3 (0,0,025) (0,0,0.25)  (0,0,0.25)  (0,0,0.25) 0.75,1,1)  (0,0,0.25)  (0,0,0.25) (0,0, 0.25)
C4 (0,0,025) (0,0,0.25)  (0,0,0.25)  (0,0,0.25) 0,0,0.25)  (0.25,0.50, (0,0,0.25) (0,0, 0.25)
0.75)
C12 (042,0.67, (0.58,0.83, (0.75,1,1)  (0.50,0.75, 0,0,0.25)  (0.75,1,1)  (0,0,0.25) (0,0.17,0.42)
0.92) 1) 0.92)
C13 (0.75,1,1)  (0.50,0.75, (0,0,0.25)  (0.75,1,1) 0,0,0.25)  (0,0,0.25)  (0,0,0.25) (0.25,0.50,
1) 0.75)
C14 (0.75,1,1) (0.75,1,1)  (0,0,0.25) (0,0, 0.25) 0,0,0.25)  (0.67,0.92,1) (0,0,0.25) (0,0, 0.25)
C15 (0.75,1,1)  (0.75,1,1)  (0,0,0.25)  (0,0.25,0.50) ... (0,0,0.25)  (0.75,1,1)  (0,0,0.25) (0,0, 0.25)

criteria that affect other criteria more and have high
priority. Effect criteria are those that are more influ-
enced by other criteria and have relatively second-
order priority. In a fuzzy environment, this method is
applied in solving complex problems involving causal
relationships. It analyses the strength of dependen-
cies and relationships between factors with the matrix
method and mathematical techniques.

The fuzzy DEMATEL method is an extensive
approach for constructing and analyzing a structural

Table 5 Normalized initial direct-relation fuzzy matrix

model that encompasses causal relationships between
multi criteria complex factors. The 15 criteria of
BMP are divided into two groups as the cause group
and the effect group. Finding out which factors affect
and which are affected is an important step in solving
the complex problems under consideration. There-
fore, the DEMATEL is a method used to determine
the cause and effect factors, which have a complex
structure in developing technical parameters relations
(Tables 4, 5, 6,7, 8, and 9).

c1 2 c3 c4 c12 c13 c14 C15
Cl (0,0,0.02) (0.07,0.09, (0,0,0.02) (0,0,0.02) (0.02,0.04, (0,0,0.02)  (0,0,0.02) (0.07,0.09,
0.09) 0.07) 0.09)
C2  (0.04,007, (0,0,0.02)  (0,0.02, (0,0, 0.02) (0.01,0.04, (0,0,0.02)  (0,0,0.02) (0.07,0.09,
0.09) 0.04) 0.06) 0.09)
C3 (0,0,002) (0,0,0.02)  (0,0,0.02)  (0,0,0.02) (0.07,0.09, (0,0,0.02)  (0,0,0.02) (0,0,0.02)
0.09)
C4 (0,0,002) (0,0,0.02) (0,0,0.02) (0,0,0.02) (0,0,0.02)  (0.02,0.04, (0,0,0.02) (0,0,0.02)
0.07)
(0, 0.02, :
0.04)
C12 (0.04,0.06, (0.05 007, (0.07,0.09, (0.04,0.07, (0,0,0.02)  (0.07,0.09, (0,0,0.02) (0,0.01,0.04)
0.08) 0.09) 0.09) 0.08) 0.09)
C13 (0.07,0.09, (0.04,0.07, (0,0,0.02)  (0.07,0.09, 0,0,0.02)  (0,0,0.02)  (0,0,0.02) (0.02,0.04,
0.09) 0.09) 0.09) 0.07)
C14 (0.07,0.09, (0.07,0.09, (0,0,0.02)  (0,0,0.02) (0,0,0.02)  (0.06,0.08, (0,0,0.02) (0.01,0.04,
0.09) 0.09) 0.09) 0.06)
C15 (0.07,0.09, (0.07,0.09, (0,0,0.02) (0, 0.02, (0,0,0.02)  (0.07,0.09, (0,0,0.02) (0,0,0.02)
0.09) 0.09) 0.04) 0.09)
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Table 6 Total-relation fuzzy matrix

C1 C2 C3 C4 C12 C13 C14 C15

C1 (0.01,0.04, (0.08, 0.14, (0.01, 0.04, (0.01, 0.03, (0.03, 0.07, (0.01, 0.03, (0, 0.01, (0.07, 0.11,
0.19) 0.27) 0.16) 0.18) 0.20) 0.14) 0.10) 0.21)

C2 (0.06,0.11, (0.02, 0.05, (0.01, 0.06, (0.01, 0.04, (0.02, 0.07, (0.01, 0.03, (0, 0.01, (0.07,0.11,
0.27) 0.23) 0.19) 0.19) 0.20) 0.15) 0.11) 0.22)

C3 (0.01,0.03, (0.01,0.04, (0.02,0.05, (0.02,0.05, (0.08, 0.12, (0.01, 0.02, (0, 0.01, (0,0.02,0.14)
0.18) 0.20) 0.17) 0.18) 0.22) 0.13) 0.10)

C4 (001,003, (0.01,0.03, (0.01,0.03, (0.01,0.04, (0.01,0.02, (0.02,0.05, (0, 0.01, (0,0.01, 0.13)
0.17) 0.19) 0.15) 0.17) 0.14) 0.17) 0.10)

C12 (0.05,0.10, (0.06, 0.12, (0.07,0.12,  (0.06,0.11, (0.01,0.04, (0.07,0.11, (0, 0.01, (0.01, 0.04,
0.26) 0.29) 0.24) 0.25) 0.18) 0.22) 0.11) 0.18)

C13 (0.07,0.11, (0.05, 0.09, (0, 0.01, (0.07, 0.10, (0, 0.02, (0,0.1,0.11) (0,0, 0.08) (0.03, 0.06,
0.22) 0.23) 0.13) 0.20) 0.13) 0.16)

C14 (0.08,0.12, (0.08, 0.12, (0.01, 0.02, (0.01, 0.02, (0.01, 0.02, (0.06, 0.09, (0, 0.01, (0.03, 0.07,
0.23) 0.24) 0.14) 0.15) 0.13) 0.19) 0.09) 0.17)

C15 (0.08,0.11, (0.08, 0.12, (0, 0.01, (0.01, 0.04, (0, 0.02, (0.07, 0.10, (0, 0, 0.09) (0.01, 0.03,
0.22) 0.23) 0.13) 0.17) 0.13) 0.18) 0.13)

Cause factors residue of the digestion product is discharged at the

Biogas is produced through a biochemical process,
which is affected by several parameters including
substrate type, particle size, temperature range, pH,
carbon/nitrogen (C/N) ratio, and graft concentration.
In addition, smaller feedstock generally increases its
biodegradability and therefore the rate of biogas pro-
duction, while larger particles can clog the digester
system. When systems are fed continuously, the

Table 7 Defuzzified threshold values of T-matrix

same rate, resulting in a steady-state and gas produc-
tion rate. Therefore, continuously fed systems directly
affect biogas production. In the BMP process, the
tools and equipment used, the technical parameters,
and the way they are used have a significant impact
on the result. For this reason, 15 technical parameters
determined in this study were examined and divided
into two groups as cause-effect factors. The first four
cause factors are C14 (the material from which the

C1 Cc2 C3 C4 Cs (67 C7 C8 c9 Cl0 C11 (C12 Ci13 Ci4 Ci15
C1 008 0.16 007 007 011 017 007 0.08 007 009 013 0.1 0.06 0.04 0.06
C2 0.14 0.1 0.09 0.08 012 0.17 0.09 0.1 0.09 011 0.11 0.1 0.06 0.04 0.06
C3 008 0.09 008 008 014 016 014 013 005 008 0.09 014 005 0.04 0.04
C4 0.07 0.08 007 007 013 014 012 011 006 008 0.05 006 008 0.04 0.04
Cs5 0.14 013 015 015 0.1 0.17 012 014 005 014 007 0.1 0.06 0.04 0.04
Co o011 017 017 015 018 014 013 017 009 016 013 015 0.12 011 0.1
C7 009 012 015 015 016 015 008 012 007 012 006 012 006 0.04 0.04
C8 0.1 0.13 014 015 015 014 011 008 005 012 006 0.07 005 004 0.04
c9 0.1 0.12 006 013 007 016 006 006 005 011 007 0.07 005 004 0.04
C10 007 006 005 005 013 0.1 005 0.09 003 005 0.04 004 004 0.03 0.03
Ci1 o011 013 004 005 005 0.1 004 005 004 005 005 005 004 0.03 0.03
C12 014 016 014 014 0.1 0.15 013 008 008 014 007 007 013 004 0.04
Cc13 013 012 005 012 008 008 005 005 004 005 005 005 004 0.03 004
Ci4 014 015 005 006 007 014 005 006 004 006 006 005 011 0.03 004
Ci1s 014 014 005 007 0.06 0.1 005 005 006 006 005 005 011 0.03 0.03
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Table 8 Fuzzy values of 7

R TG :
C1 (0.12,0.32, 1.91)
C2 (0.15,0.47, 2.29)
C3 (0.46, 0.85, 2.89)
C4 (0, 0.10, 1.53)
C5 (0.22, 0.56, 2.43)
Co (0.19,0.52,2.34)
Cc7 (0.24, 0.58, 2.58)
C8 (0.40, 0.95, 3.22)
C9 (0.44, 1.09, 3.60)
C10 (0.31,0.72, 2.85)
C11 (0.30, 0.71, 2.76)
C12 (0.38,0.90, 3.17)
C13 (0.04,0.21, 1.79)
C14 (0.04,0.21, 1.78)
C15 (0.78, 1.51, 4.23)

(0.25,0.57, 2.46)
(0.44,0.99, 3.34)
(0.29, 0.69, 2.73)
(0.31, 0.80, 2.97)
(0.28,0.71, 2.77)
(0.08, 0.32, 2.02)
(0.31, 0.72, 2.80)
(0.37,0.73,2.74)
(0.15,0.43,2.18)
(0.17,0.48, 2.27)
(0.09, 0.33,2.04)
(0.13, 0.36, 2.07)
(0.20, 0.48, 2.23)
(0.47,0.93, 3.09)
(0.54,1.15, 3.64)

(0.38,0.88, 4.37)
(0.59, 1.46, 5.62)
(0.75, 1.54,5.63)
(0.31, 0.90, 4.50)
(0.49,1.27,5.19)
(0.27,0.84, 4.36)
(0.55, 1.30, 5.38)
(0.77, 1.68, 5.95)
(0.59, 1.52,5.78)
(0.49, 1.20,5.12)
(0.39, 1.04, 4.80)
(0.51, 1.26,5.24)
(0.23,0.69, 4.02)
(0.51, 1.14, 4.87)
(1.31, 2.66, 7.86)

(—2.34,-0.25, 1.65)
(-3.18,-0.53, 1.85)
(—2.28, 0.16, 2.60)
(-2.97,-0.70, 1.23)
(—=2.55,-0.16, 2.15)
(- 1.83,0.20, 2.26)
(—2.55,—0.14,2.27)
(—2.34,0.22, 2.84)
(- 1.75, 0.66, 3.45)
(—1.95,0.24, 2.68)
(—1.74,0.38, 2.66)
(- 1.68, 0.55, 3.04)
(—2.19,-0.26, 1.59)
(—3.04,-0.72, 1.31)
(—2.86, 0.36, 3.69)

reactor is made) with the highest I;-C; value of 0.55,
C12 (particle size) with the 0.43 value of r-c;, C9
(the effect of mixing) with the 1;-c; value of 0.32, and
C7 (total solids amount (TSA)) with the r-c; value of

0.25 in order of importance, as can be seen in Fig. 5.
Effect factors

The optimum pH in biogas production is usually in
the range of 7-8.5. In anaerobic production processes,

Table 9 Crisp values of 7, ¢, 7; +¢;, 7, = C;

7 g g TG
C1 1.43 1.64 3.07 -0.20
C2 1.55 1.86 3.41 -0.31
C3 1.40 1.35 275 0.04
C4 1.20 1.54 2.74 -0.34
Cs 1.61 1.65 3.26 —-0.05
Cé 2.10 2.06 4.16 0.04
C7 1.55 1.29 2.84 0.25
C8 1.43 1.37 2.80 0.06
C9 1.19 0.88 2.07 0.32
C10 0.86 1.41 227 -0.55
C11 0.87 1.07 1.94 -0.20
C12 1.64 1.21 2.85 0.43
C13 1.05 1.07 2.12 -0.03
C14 1.17 0.61 1.78 0.55
C15 1.09 1.11 2.19 -0.02

the growth rate of microorganisms, product produc-
tion rate, and nutrient consumption rate are seriously
affected by temperature. Therefore, the temperature
parameter is important for anaerobic systems. In
order to obtain maximum biogas efficiency and meth-
ane production efficiency from anaerobic processes,
the system must have the optimum temperature at
which microorganisms can live. These processes can
operate under mesophilic and thermophilic condi-
tions, but they are generally operated under meso-
philic conditions. The optimum system temperature
is usually 3040 °C for mesophilic microorganisms
and 55-60 °C for thermophilic microorganisms. One
of the parameters affecting BMP efficiency is carbon
and nitrogen concentration. In order for biogas pro-
duction to take place, the input substrate C/N ratio
in the system is important. The carbon source in the
used substrate is carbohydrates, and the nitrogen
source is protein, nitrate, and ammonia. Bacteria use
carbon for energy production and use nitrogen for
new cell synthesis. The C/N ratio in the substrate
entering the system should be approximately between
20:1 and 30:1. Carbon consumption is 25-30 times
higher than nitrogen. When the 15 effective param-
eters in the BMP process were examined, the fuzzy
DEMATEL method divided these parameters into
two groups the cause and the effect. In the effect
group, C2 (pH), C5 (C/N ratio), and C1 (temperature)
were the three most effective parameters, respectively.
When Fig. 5 is examined, it will be seen that C2 has

@ Springer
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the highest Ri+Cj value of (3.41). C5 has a Ri+Cj
value of 3.26. The Ri+ Cj value of C1 was calculated
as 3.07. The points to be considered regarding all
these parameters are stated in the section below.

Recommendations for important BMP parameters

BMP tests are commonly used to determine the meth-
ane potential of substrates. BMP test results depend
on many variables. Some of the most important fac-
tors for BMP testing are concentration, temperature,
pH, C/N ratio, and source. It has been observed that
the level of inoculum concentration affects the rate
and rate of biodegradation. The higher the inoculum
concentration, the faster the anaerobic conversion
of the substrate occurs. Different inoculum sources
may have different rates of biodegradability due to
different microbial populations and levels of diver-
sity. If the substrate is homogeneous, the potential to
produce methane in the reactor increases. It is very
important that the ambient conditions in methane pro-
duction are mesophilic or thermophilic. High meth-
ane yield is seen in mesophilic conditions.

Conclusion
With anaerobic digestion, environmental indirect ben-

efits such as the production of renewable energy and
thus the reduction of greenhouse gas emissions to

@ Springer

some extent are achieved. As it is well-known from
the literature, the methane production potential of the
desired substance can be estimated realistically most of
the time with BMP. The BMP test provides important
information in the design of anaerobic reactors and in
planning the optimal conditions for anaerobic degrada-
tion. In the result of this study, high methane yield is
seen in mesophilic conditions. The average cumulative
biogas yield of the reactor is 282.1 NmL/g VS. The
highest percentage of methane formed in the biogas
occurred on the 21st day. Considering the BMP process
as a whole, it is known that many important parameters
are important in this process sequence. In this study,
15 important parameters directly related to BMP were
determined. In experimental processes, some param-
eters may affect other parameters. Besides, some
parameters can also cause or affect some results when
the system as a whole is evaluated. In this context, the
fuzzy DEMATEL approach, which is widely used in
the literature but has not been applied to the subject
of BMP, was used. This method divided 15 important
parameters of BMP into two groups the cause and the
effect, weighted each parameter based on expert opin-
ions, and ranked them in order of importance. It has
been understood that the material of the reactor (rj-c;
value of 0.55), particle size (ri¢; value of 0.43), the
effect of mixing (rj-¢; value of 0.32), and TSA (¢
value of 0.25), which are in the causal parameters
group is the most important causal parameters, respec-
tively. Likewise, pH (r;+c; value of 3.41), C/N ratio
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(r;+¢; value of 3.26), and temperature (r;+c; value of
3.07) in the group of effect parameters were found to
be the most important effect parameters, respectively.
This study contributes to the literature as the first fuzzy
DEMATEL approach applied to the BMP param-
eters and provides useful information about relations
between BMP parameters to researchers.

Data availability The datasets generated during and/or ana-
lyzed during the current study are available from the corre-
sponding author on reasonable request.

Declarations

Conflict of interest The authors have no conflicts of interest
to declare that are relevant to the content of this article.

References

Abdullah, L., & Zulkifli, N. (2015). Integration of fuzzy AHP
and interval type-2 fuzzy DEMATEL: An application to
human resource management. Expert Systems with Appli-
cations, 42(9), 4397-4409. https://doi.org/10.1016/j.eswa.
2015.01.021

Abunde Neba, F., Asiedu, N. Y., Addo, A., & Seidu, R. (2020).
Attainable regions and fuzzy multi-criteria decisions: Mod-
eling a novel configuration of methane bioreactor using
experimental limits of operation. Bioresource Technology,
295, 122273, https://doi.org/10.1016/j.biortech.2019.122273

Ansari, F. A., Wahal, S., Gupta, S. K., Rawat, I., & Bux, F. (2017).
A comparative study on biochemical methane potential of
algal substrates: Implications of biomass pre-treatment and
product extraction. Bioresource Technology, 234, 320-326.
https://doi.org/10.1016/j.biortech.2017.03.068

APHA (American Public Health Association). (2012). Stand-
ard Methods for the Examination of Water and Wastewater
(twenty-second ed.), American Water Works Association,
Water Environment Federation, Washington DC.

Baghan, V., & Demirel, H. (2018). Evaluation of critical opera-
tional faults of marine diesel generator engines by using
DEMATEL method. Journal of ETA Maritime Science,
6(2), 119-128. https://doi.org/10.5505/jems.2018.24865

Basghan, V., & Demirel, H. (2019). Application of fuzzy dema-
tel technique to assess most common critical operational
faults of marine boilers. Politeknik Dergisi, 22(3), 545—
555. https://doi.org/10.2339/politeknik.426644

Bashan, V., & Ust, Y. (2019). Application of fuzzy dematel
method to analyse s-CO2 Brayton power systems. Journal
of Intelligent & Fuzzy Systems. https://doi.org/10.3233/
JIFS-191133

Bashan, V., Ust, Y., Balkanli, E., & Eren Figen, H. (2020). A mixed
algorithm for investigation the effects of the preparation pro-
cesses during the catalyst synthesis with sol-gel method and
coating. Journal of Sol-Gel Science and Technology, 96(1),
131-142. https://doi.org/10.1007/s10971-020-05371-3

Bernacchi, S., Rittmann, S., H. Seifert, A., Krajete, A., Herwig,
C., & 1 Institute of Chemical Engineering, Research Area
Biochemical Engineering, Vienna University of Technol-
ogy, Gumpendorferstra3e 1a, 1060 Vienna, Austria. (2014).
Experimental methods for screening parameters influenc-
ing the growth to product yield (Y cys) of a biological
methane production (BMP) process performed with Metha-
nothermobacter marburgensis. AIMS Bioengineering, 1(2),
72-87. https://doi.org/10.3934/bioeng.2014.2.72

Carlsson, M., Lagerkvist, A., & Morgan-Sagastume, F. (2012).
The effects of substrate pre-treatment on anaerobic diges-
tion systems: A review. Waste Management, 32(9),
1634-1650.

Casallas-Ojeda, M. R., Marmolejo-Rebellon, L. F., & Torres-
Lozada, P. (2020). Evaluation of simultaneous incidence
of head space and temperature on biochemical methane
potential in food waste. Cogent Engineering, 7(1), 1729514.
https://doi.org/10.1080/23311916.2020.1729514

Cetinkaya, A. Y., & Yetilmezsoy, K. (2019). Evaluation of
anaerobic biodegradability potential and comparative
kinetics of different agro-industrial substrates using a new
hybrid computational coding scheme. Journal of Cleaner
Production, 238, 117921. https://doi.org/10.1016/j.jclepro.
2019.117921

Chandrasekhar, K., Mehrez, 1., Kumar, G., & Kim, S.-H. (2021).
Relative evaluation of acid, alkali, and hydrothermal pretreat-
ment influence on biochemical methane potential of date bio-
mass. Journal of Environmental Chemical Engineering, 9(5),
106031. https://doi.org/10.1016/j.jece.2021.106031

Chen-Yi, H., Ke-Ting, C., & Gwo-Hshiung, T. (2007).
FMCDM with Fuzzy DEMATEL Approach for Customers’
Choice Behavior Model. International Journal of Fuzzy
Systems, 9(4).

Choi, Y., Ryu, J., & Lee, S. R. (2020). Influence of carbon type
and carbon to nitrogen ratio on the biochemical methane
potential, pH, and ammonia nitrogen in anaerobic diges-
tion. Journal of Animal Science and Technology, 62(1),
74-83. https://doi.org/10.5187/jast.2020.62.1.74

Diaz-Cruces, V. F., Garcia-Depraect, O., & Leén-Becerril, E.
(2020). Effect of lactate fermentation type on the bio-
chemical methane potential of tequila vinasse. BioEn-
ergy Research, 13(2), 571-580. https://doi.org/10.1007/
$12155-020-10093-z

dos Santos, L. A., Valenga, R. B., da Silva, L. C. S., de
Holanda, S. H., & B., Silva, A. F. V. da, Juca, J. F. T., &
Santos, A. F. M. S. (2020). Methane generation poten-
tial through anaerobic digestion of fruit waste. Journal
of Cleaner Production, 256, 120389. https://doi.org/10.
1016/j.jclepro.2020.120389

Ewunie, G. A., Yigezu, Z. D., & Morken, J. (2021). Biochemi-
cal methane potential of Jatropha curcas fruit shell: Com-
parative effect of mechanical, steam explosion and alka-
line pretreatments. Biomass Conversion and Biorefinery.
https://doi.org/10.1007/s13399-020-01159-1

Facchin, V., Cavinato, C., Fatone, F., Pavan, P., Cecchi, F., &
Bolzonella, D. (2013). Effect of trace element supplemen-
tation on the mesophilic anaerobic digestion of foodwaste
in batch trials: The influence of inoculum origin. Bio-
chemical Engineering Journal, 70, 71-77.

Giwa, A. S., Zhang, X., Memon, A. G., & Ali, N. (2021). Co-
Digestion of Household Black Water with Kitchen Waste

@ Springer


https://doi.org/10.1016/j.eswa.2015.01.021
https://doi.org/10.1016/j.eswa.2015.01.021
https://doi.org/10.1016/j.biortech.2019.122273
https://doi.org/10.1016/j.biortech.2017.03.068
https://doi.org/10.5505/jems.2018.24865
https://doi.org/10.2339/politeknik.426644
https://doi.org/10.3233/JIFS-191133
https://doi.org/10.3233/JIFS-191133
https://doi.org/10.1007/s10971-020-05371-3
https://doi.org/10.3934/bioeng.2014.2.72
https://doi.org/10.1080/23311916.2020.1729514
https://doi.org/10.1016/j.jclepro.2019.117921
https://doi.org/10.1016/j.jclepro.2019.117921
https://doi.org/10.1016/j.jece.2021.106031
https://doi.org/10.5187/jast.2020.62.1.74
https://doi.org/10.1007/s12155-020-10093-z
https://doi.org/10.1007/s12155-020-10093-z
https://doi.org/10.1016/j.jclepro.2020.120389
https://doi.org/10.1016/j.jclepro.2020.120389
https://doi.org/10.1007/s13399-020-01159-1

661 Page 14 of 14

Environ Monit Assess (2022) 194:661

for a Sustainable Decentralized Waste Management: Bio-
chemical Methane Potential and Mixing Ratios Effects.
Environmental Engineering Science, 38(9), 877-885.
https://doi.org/10.1089/ees.2020.0276

Gu, Y. M., Park, S. Y., Park, J. Y., Sang, B.-L., Jeon, B. S., Kim,
H., & Lee, J. H. (2021). Impact of Attrition Ball-Mill on
Characteristics and Biochemical Methane Potential of
Food Waste. Energies, 14(8), 2085. https://doi.org/10.
3390/en14082085

Gumus, A. T, Yayla, A. Y., Celik, E., & Yildiz, A. (2013). A com-
bined fuzzy-AHP and fuzzy-GRA methodology for hydrogen
energy storage method selection in Turkey. Energies, 6(6),
3017-3032. https://doi.org/10.3390/en6063017

Gunaseelan, V. N. (2004). Biochemical methane potential of
fruits and vegetable solid waste feedstocks. Biomass and
Bioenergy, 26(4), 389-399. https://doi.org/10.1016/j.
biombioe.2003.08.006

Justesen, C. G., Astals, S., Mortensen, J. R., Thorsen, R., Koch,
K., Weinrich, S., et al. (2019). Development and valida-
tion of a low-cost gas density method for measuring bio-
chemical methane potential (BMP). Water, 11(12), 2431.
https://doi.org/10.3390/w11122431

Konrad, O., Hasan, C., Marder, M., Zulian, L., & Guerini Filho,
M. (2021). Comparison of two gas volume measurement
systems by evaluating biochemical methane potential.
Environmental Quality Management, tqem.21776. https://
doi.org/10.1002/tqem.21776

Li, P, Liu, Z., Zhao, M., Dai, X., & Ruan, W. (2020). Evaluation
of Biogas Performance and Process Stability from Food,
Kitchen, and Fruit/Vegetable Waste by Mono-, Co-, and
Tridigestion. Energy & Fuels, 34(10), 12734-12742. https://
doi.org/10.1021/acs.energyfuels.0c02598

Lianhua, L., Dong, L., Yongming, S., Longlong, M., Zhen-
hong, Y., & Xiaoying, K. (2010). Effect of temperature
and solid concentration on anaerobic digestion of rice
straw in South China. International Journal of Hydrogen
Energy, 35(13), 7261-7266.

Liou, J. J.,, Yen, L., & Tzeng, G.-H. (2008). Building an effec-
tive safety management system for airlines. Journal of Air
Transport Management, 14(1), 20-26. https://doi.org/10.
1016/j.jairtraman.2007.10.002

O’Connor, S., Ehimen, E., Pillai, S. C., Black, A., Tormey, D.,
& Bartlett, J. (2021). Biogas production from small-scale
anaerobic digestion plants on European farms. Renewable
and Sustainable Energy Reviews, 139, 110580. https://doi.
org/10.1016/j.rser.2020.110580

Olabi, A. G., Nassef, A. M., Rodriguez, C., Abdelkareem, M.
A., & Rezk, H. (2020). Application of artificial intelli-
gence to maximize methane production from waste paper.
International Journal of Energy Research, 44(12), 9598—
9608. https://doi.org/10.1002/er.5446

Qiao, W.,, Yan, X., Ye, J., Sun, Y., Wang, W., & Zhang, Z.
(2011). Evaluation of biogas production from different
biomass wastes with/without hydrothermal pretreatment.

@ Springer

Renewable Energy, 36(12), 3313-3318. https://doi.org/10.
1016/j.renene.2011.05.002

Ross, T. J. (2009). Fuzzy logic with engineering applications. John
Wiley & Sons.

Seekao, N., Sangsri, S., Rakmak, N., Dechapanya, W., & Siripatana,
C. (2021). Co-digestion of palm oil mill effluent with chicken
manure and crude glycerol: Biochemical methane potential
by monod kinetics. Heliyon, 7(2), €06204. https://doi.org/10.
1016/j.heliyon.2021.06204

Stiirmer, B., Leiers, D., Anspach, V., Briigging, E., Scharfy, D.,
& Wissel, T. (2021). Agricultural biogas production: A
regional comparison of technical parameters. Renewable
Energy, 164, 171-182. https://doi.org/10.1016/j.renene.
2020.09.074

Suzan, V., & Yavuzer, H. (2020). A Fuzzy Dematel Method
To Evaluate The Most Common Diseases In Internal
Medicine. International Journal of Fuzzy Systems, 22(7),
2385-2395. https://doi.org/10.1007/s40815-020-00921-x

Tseng, M.-L., & Lin, Y. H. (2009). Application of fuzzy DEMA-
TEL to develop a cause and effect model of municipal solid
waste management in Metro Manila. Environmental Moni-
toring and Assessment, 158(1-4), 519-533. https://doi.org/
10.1007/s10661-008-0601-2

Unyay, H., Yilmaz, F., Basar, iA., Altinay Perendeci, N., Coban,
I., & Sahinkaya, E. (2022). Effects of organic loading rate
on methane production from switchgrass in batch and semi-
continuous stirred tank reactor system. Biomass and Bioen-
ergy, 156, 106306. https://doi.org/10.1016/j.biombioe.2021.
106306

Wang, B., Nges, I. A., Nistor, M., & Liu, J. (2014). Determina-
tion of methane yield of cellulose using different experi-
mental setups. Water Science and Technology, 70(4),
599-604.

Ward, A. J., Hobbs, P. J., Holliman, P. J., & Jones, D. L. (2008).
Optimisation of the anaerobic digestion of agricultural
resources. Bioresource Technology, 99(17), 7928-7940.
https://doi.org/10.1016/j.biortech.2008.02.044

Wu, W.-W., & Lee, Y.-T. (2007). Developing global managers’
competencies using the fuzzy DEMATeL method. Expert
Systems with Applications, 32(2), 499-507.

Zadeh, L. A. (1996). Fuzzy sets. In Fuzzy Sets, Fuzzy Logic,
And Fuzzy Systems: Selected Papers by Lotfi A Zadeh (pp.
394-432). World Scientific.

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor holds exclusive rights to this
article under a publishing agreement with the author(s) or other
rightsholder(s); author self-archiving of the accepted manuscript
version of this article is solely governed by the terms of such
publishing agreement and applicable law.


https://doi.org/10.1089/ees.2020.0276
https://doi.org/10.3390/en14082085
https://doi.org/10.3390/en14082085
https://doi.org/10.3390/en6063017
https://doi.org/10.1016/j.biombioe.2003.08.006
https://doi.org/10.1016/j.biombioe.2003.08.006
https://doi.org/10.3390/w11122431
https://doi.org/10.1002/tqem.21776
https://doi.org/10.1002/tqem.21776
https://doi.org/10.1021/acs.energyfuels.0c02598
https://doi.org/10.1021/acs.energyfuels.0c02598
https://doi.org/10.1016/j.jairtraman.2007.10.002
https://doi.org/10.1016/j.jairtraman.2007.10.002
https://doi.org/10.1016/j.rser.2020.110580
https://doi.org/10.1016/j.rser.2020.110580
https://doi.org/10.1002/er.5446
https://doi.org/10.1016/j.renene.2011.05.002
https://doi.org/10.1016/j.renene.2011.05.002
https://doi.org/10.1016/j.heliyon.2021.e06204
https://doi.org/10.1016/j.heliyon.2021.e06204
https://doi.org/10.1016/j.renene.2020.09.074
https://doi.org/10.1016/j.renene.2020.09.074
https://doi.org/10.1007/s40815-020-00921-x
https://doi.org/10.1007/s10661-008-0601-2
https://doi.org/10.1007/s10661-008-0601-2
https://doi.org/10.1016/j.biombioe.2021.106306
https://doi.org/10.1016/j.biombioe.2021.106306
https://doi.org/10.1016/j.biortech.2008.02.044

	Application fuzzy DEMATEL methodology to investigate some technical parameters of biochemical methane potential (BMP) test produced vegetable waste anaerobic biogas
	Abstract 
	Introduction
	Materials and methods
	Analytical methods

	Research methods of fuzzy approach
	Fundamentals of fuzzy logic and fuzzy sets used in BMP
	Combination of fuzzy sets and DEMATEL method

	Using the fuzzy DEMATEL method in BMP problems
	Important parameters of BMP and system description
	Application of the Fuzzy DEMATEL method on the BMP

	Results and discussion
	Biogas yield
	Findings and interpretations of the BMP parameters relations
	Cause factors
	Effect factors

	Recommendations for important BMP parameters

	Conclusion
	References


