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Abstract
Pyrolysis of municipal solid waste (MSW) is an environmentally friendly waste-to-energy process that allows the produc-
tion of an ecological bio-oil with a high-energy value. However, the challenge is to obtain the desired products in consider-
able quantities, of good quality, and at low cost. The present work objective is to select a technically, economically, and 
ecologically strong pyrolysis technology that can be scaled up in the short to medium term to produce high-energy value 
biofuel from MSW. Initially, four pyrolysis technologies were selected, including fixed bed, fluidized bed, screw, and rotary 
kiln reactors. Then, these four technologies were ranked using fuzzy TOPSIS: a numerical multi-criteria decision-making 
method (FTOPSIS). An appropriate literature review was established to determine technology's relative performance to each 
criterion. Criteria weights were calculated using two objective methods, Entropy, and CRITIC, which proved comparable. 
The obtained results allowed the ranking of rotary kiln pyrolysis technology first, followed by the fluidized bed reactor, and 
then the screw reactor is ranked before the fixed bed reactor. A sensitivity analysis was performed, showing the robustness 
of the FTOPSIS method for the appropriate choice of rotary kiln reactor.
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Statement of Novelty

Municipal waste can be recovered into bio-oil using differ-
ent pyrolysis technologies. The novelty consists in classify-
ing these technologies by a multi-criteria decision-making 
method, which allows us to select the most efficient reactor 
meeting three main criteria: its application on an industrial 
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scale, technically and economically efficient, and respectful 
to the environment.

Introduction

Globally, municipal solid waste (MSW) generation is 
increasing more and more due to socio-economic develop-
ment (population growth, industrial progress). According 
to the World Bank's 2020 statistics, the generation of MSW 
will reach a rate of 3.4 trillion tons by 2050 [1]. The basic 
management of these wastes by landfilling or incineration 
contributes massively to the release of greenhouse gases 
and is, therefore, not a sustainable solution. Moreover, the 
energy sector is another sector that contributes largely to 
environmental pollution [2]. Also, the gradual depletion 
of fossil fuel reserves and the rising prices of these energy 
resources have led the world to an energy crisis [3]. One of 
the solutions adopted today by developed countries is the 
energy recovery of MSW through processes such as gasifi-
cation, pyrolysis, methanization, and composting, to reduce 
the amount of waste and substitute petroleum-based fuels 
with biofuels.

In this perspective, efforts are being made in our labo-
ratories to model and optimize energy recovery processes 
[4–6]. The present work is within the framework of a 
Moroccan-Tunisian cooperation for a 2021 R&D project. 
The objective is to establish a waste management plat-
form between Morocco and Tunisia and to develop an 
eco-friendly and energy-efficient process for waste val-
orization. Indeed, Aboudaoud et al. [7]. stated that both 
countries have almost the same MSW characterization. 
Also, they have recently known a continuous increase of 
controlled landfills and biogas production plants through 
the methanization and composting of fermentable wastes 
[7]. In addition, they are also enrolled in projects of 
non-fermentable fraction valorization, especially by the 
mechanical–biological treatment centers. These allow 
shredding, natural drying, and separation of the mixed 
MSW into fermentable waste, recyclable waste, and 
refuse-derived fuel (RDF) [8, 9]. The non-fermentable 
generated fraction, called dry waste, is usually composed 
of paper, cardboard, plastics, rubber, and textile. This 
fraction is used as an alternative fuel to fossil fuel in 
cement plant incinerators [8, 9]. After further process-
ing, this dry mixed waste may also be transformed into 
an environmentally friendly product (bio-oil, bio-char, 
and biogas) of high energy and commercial value by the 
pyrolysis process [10]. Besides, recent research stud-
ies proved pyrolysis to be also of good efficiency when 
processing two or more materials as feedstock, as it can 

yield products with improved properties [11, 12]. How-
ever, there are several pyrolysis technologies; each has 
its advantages and disadvantages. Their comparison is 
challenging, as the appropriate choice depends on many 
criteria that must be considered. This problem can be 
solved through Multicriteria decision-making (MCDM) 
methods, as resolved recently for other technologies [13]. 
Previously, many studies focused on choosing the best 
waste-to-energy (WtE) technology, particularly between 
pyrolysis, combustion, gasification, plasma, and anaero-
bic digestion, using MCDM methods. Afrane et al. [14] 
assessed the techno-economic feasibility of WtE tech-
nologies in Ghana using the Fuzzy TOPSIS method. 
The latter was used to optimize the choice using ten 
techno-economic criteria. The final ranking is gasifica-
tion > anaerobic digestion > pyrolysis > plasma arc gasi-
fication. However, Torkayesh et al. [15] have found that 
SMCDM-BWM (Stratified Best–Worst Method) gives 
plasma as the first option, followed by gasification and 
pyrolysis. In contrast, the EDAS method (Distance from 
Average Solution), ranked pyrolysis as the first option. 
In addition to the effect of the applied MCDM method, 
the obtained ranking results also depend on the targeted 
products. In our case, the preferred product is bio-oil, 
which can be produced particularly by the pyrolysis pro-
cess. Bio-oil is a high energy density and an easily trans-
portable biofuel that can satisfy Moroccan and Tunisian 
needs for liquid fuels. Recently, El Kourdi et  al. [15] 
demonstrated that the Moroccan potential in RDF and its 
valorization in bio-oil by pyrolysis can cover 45% of the 
country's demand for fuel oil. Thus, the best pyrolysis 
technology for this purpose should be chosen. Spreafico 
et al. [16] wanted to choose the most innovative tech-
nology by comparing performances and future trends of 
different pyrolysis technologies, specifically the fluid-
ized bed, hot balls, microwave, plasma, and laser reac-
tor. These technologies have a great difference in techno-
logical maturity. For comparison purposes, the authors 
considered the following criteria: publication trends, 
innovation indexes, and operative performances of the 
different reactors. They have shown that laser reactors 
may present a more dynamic development in the future 
than other reactors. In addition, the value of the aver-
age innovation index for this reactor is three times higher 
than the fluidized bed reactor. Mahari et al. [17] tried to 
find the most energetically efficient pyrolysis technolo-
gies, namely the screw, the fixed bed, the fluidized bed 
reactors, and advanced pyrolysis technologies such as 
plasma, vacuum, and microwave pyrolysis. Based on vari-
ous criteria, including the reactor flexibility to different 
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operating parameters, energy efficiency, maintenance, 
and energy consumption, the authors concluded that the 
microwave reactor is the most energy-efficient, sustain-
able, and environmentally friendly technology. Hasan 
et al. [3] were interested in choosing a pyrolysis reactor 
that is more flexible to MSW characteristics, especially 
one that requires less pretreatment and maintenance. The 
rotary kiln was retained as the most efficient reactor com-
pared to the fixed bed, screw, batch, semi-batch, fluidized 
bed, plasma, and microwave reactors. Other researchers 
sought to choose the most appropriate pyrolysis reactor 
for other feedstocks using MCDM methods; Gao et al.
[18] have used the Analytical Hierarchical Process (AHP) 
to select the efficient reactor for the pyrolysis of sewage 
sludge characterized by its moderately smaller particle 
size. They relied on the reactor's technological strength 
and commercial competitiveness. Therefore, the screw 
reactor was ranked first, before the rotary kiln, bubbling 
fluidized bed, circulating fluidized bed, and spouted bed. 
Zola et al. [19] selected the most efficient kiln pyrolysis 
technology for biochar production by MCDM methods. 
The technologies under comparison differ by the type of 
their construction material, especially clay, masonry, and 
metal kilns. The selection criteria cover the technical, 
economic, and ecological aspects, but their study focuses 
only on biochar production from wood pyrolysis.

The literature review shows that the studies described 
above do not allow choosing the same reactor to val-
orize MSW into bioenergy. The laser reactor has not 
yet shown any real technological development; it’s still 
in an embryonic stage, and its choice is interesting for 
long-term research projects. The microwave reactor 
is unsuitable for large-scale applications, especially 
for MSW with complicated characterization and high 
moisture content. The rotary kiln, which is a mature 
technology compared to the laser and microwave tech-
nologies, was selected based only on technical criteria. 
In our case, the purpose is to choose the most prom-
ising and suitable pyrolysis technology for MSW con-
version to bio-oil, considering the different technical, 
ecological, economic, and industrial application aspects. 
In order to develop a scalable industrial unit in short 
to medium term. Also, MCDM methods were used to 

consider all the selection criteria and the difference of 
their importance.

Methodology and Procedures

To choose the most appropriate pyrolysis reactor needed 
for bio-oil production from MSW, one of the MCDM 
methods was followed. In this section, the multi-criteria 
methodology selected and the procedure followed are 
presented.

Multi‑criteria Methods

The computational MCDM methods are based on a logic 
inspired by several fields: mathematics, behavioral deci-
sion theory, economics, computer science, software 
engineering, and information systems. MCDM meth-
ods help decision-makers choose between alternatives 
according to several well-determined criteria. The most 
used MCDM methods in the literature can be classi-
fied into methods using pairwise comparison: Analytic 
Hierarchy Process (AHP) and Analytic Network Process 
(ANP); scoring based methods: Technique for Order of 
Preference by Similarity to Ideal Solution (TOPSIS) 
and Multicriteria Optimization and Compromise Solu-
tion (VIKOR); and outranking based methods: Pref-
erence Ranking Organization Method for Enrichment 
Evaluation (PROMETHEE) and Elimination And Choice 
Translating Reality (ELECTREE) [20]. Figure 1 shows 
the difference between the performances of these meth-
ods with respect to several criteria, through the assign-
ment of colors: green, orange, and red to MCDM meth-
ods with high preference, moderate preference, and low 
preference, respectively, and the gray color in case of 
unavailability of information. The comparison criteria 
considered are:

– The method's ability to handle a large number of criteria 
or alternatives;

Fig. 1  MCDM comparison 
scheme

ANP AHP TOPSIS VIKOR ELECTRE PROMETHEE Reference 
Handles a large number of criteria 
and alternatives [29]

Provides a consistency check [29]

Simple to calculate [29]
Requires less subjective information 
at the beginning [27,28,30,31]

Indifferent to criteria
interdependence [24,30,32,33]

Widely used in different fields [24]

High preference Moderate preference Low preference Unavailability of information
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– The method requirement of a consistency check can be 
considered unfavorable, as it offers the possibility to 
manipulate the input scores, which decreases the meth-
od's reliability;

– The simplicity of the calculation process;
– Need for detailed information from experts, which may 

be difficult to obtain by comparing the available informa-
tion in the literature;

– The selected method must tolerate interdependence 
between criteria;

– And the popularity of the method in different fields.

Pairwise comparison methods (AHP and ANP) 
involve comparing each pair of alternatives against each 
criterion to establish the decision matrix with the help 
of experts. Although these methods provide a structured 
decision-making process that allows each criterion to be 
properly analyzed separately, they impose limitations 
on the number of criteria and alternatives. In addition, 
they require more information from experts to compare 
each pair of alternatives in the beginning, which can 
make our problem more complex, and the process of 
justifying pairwise comparisons from the literature can 
be more time-consuming [21]. Furthermore, these meth-
ods require additional control of the performed scoring 
consistency, which opens the way to manipulate them 
and sometimes leads to a radical change of scores given 
at the beginning; this raises a question about the reli-
ability of these methods [22]. As for outranking meth-
ods (ELECTRE and PROMETHEE), after establishing 
the decision matrix, they consist in making a pairwise 
comparison between alternatives for each criterion [23]. 
These methods have a very long resolution process and 
are more complex compared to other pairwise compari-
son methods and scoring -based methods. In addition, 
some versions of these methods offer just a partial rank-
ing of alternatives [22]. However, scoring-based meth-
ods (TOPSIS and VIKOR) are simpler and require less 
information from experts [24]. In addition, the TOPSIS 
method is indifferent to the interdependence between 
criteria and uses rational and understandable logic. Its 
calculation process is very simple and fast compared 
to other methods. The number of steps in the TOPSIS 
method remains the same despite the increase in criteria 
number, and it is one of the most widely used methods in 
different fields [20]. For its various advantages, TOPSIS 
has been chosen in this work. However, our decision 
problem is more complex regarding the performance 
closeness between pyrolysis technologies. Thus, a more 
sophisticated version of this method is needed.

TOPSIS and FTOPSIS

The TOPSIS method was introduced by Hwang and Yoon 
[25]. It is based on the principle that the selected alterna-
tive must have the shortest geometric distance to the posi-
tive ideal solution (PIS) and the longest geometric distance 
to the negative ideal solution (NIS). The first one (PIS) 
maximizes benefit criteria (the high value is preferred) 
and minimizes cost criteria (the small value is preferred). 
The second (NIS) maximizes cost criteria and minimizes 
benefit criteria. The TOPSIS method is based on a matrix 
of numerical (objective/quantitative) values (1$, 2 kg, 
90%) and/or linguistic (subjective/qualitative) evaluation 
(“High”, “Medium” or “Low”) elaborated by one or more 
experts [26]. In the present study, appropriate information 
published in the literature is taken as a source of this eval-
uation with a detailed justification. The attributed values 
express for each criterion the performance or preference 
of each alternative over other alternatives. Then, these 
values are represented in a table called a decision matrix 
(DM). Moreover, the nature of our problem concerning 
the choice of the most efficient pyrolysis reactor for MSW 
valorization, allows expressing the preference scores of 
alternatives using linguistic values. Since quantitative 
values presented in the literature for each reactor are very 
specific and adapted to different case studies. However, 
to perform the TOPSIS calculations, the DM needs to be 
expressed in numerical values. Thus, the assigned linguis-
tic values must be converted to numerical ones using a 
conversion table. In addition, it is more difficult to assign 
a crisp number to a linguistic term because of the ambi-
guity that affects human opinion accuracy. The proposed 
fuzzy sets theory by Zadeh [27] solve this problem via 
expressing each linguistic value by a victor of numerical 
numbers (fuzzy number). Hence, the linguistic value can 
take the lowest, mean, or max value from an interval of 
values, rather than just one crisp number. Indeed, a trian-
gular fuzzy number ñ is denoted as follows:

where: n1 is the minimum value, n2 is the average value and 
n3 is the maximum value of the fuzzy number.

The combination of the TOPSIS method and the 
Fuzzy sets theory gives FTOPSIS method, which is 
more suitable for a DM expressed in linguistic values. 
In general, the steps of FTOPSIS are similar to the clas-
sical TOPSIS steps; the difference is in the substitution 
of discrete numbers xij of the DM by the fuzzy numbers 
x̃ij . The fuzzy numbers decision matrix M̃ is expressed 
as follows:

(1)ñ =
(

n1, n2, n3
)
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With:

where: m the number of criteria ( ̃Ci) and n the number of 
alternatives ( Ãj).

According to Silva et al.[28], the FTOPSIS steps are 
the following:

After the establishment of the matrix M̃,the first step is 
to normalize it to obtain the following equation:

With:

where: c∗
i
=maxj(cij) in case of beneficial criterion

where: a∗
i
=maxj(aij) in case of cost criterion.

The second step is to determine the normalized and 
weighted DM, given by:

With: wi is the weight of criterion i determined by 
weighting methods in the following section.

Then, the PIS and the NIS solutions are defined by 
Eqs. 8 and 9, respectively:

Then, the distance of alternatives to the PIS solution 
and NIS solution is calculated, respectively, by:

(2)

(3)x̃ij=
(

aij, bij, cij
)

(4)R̃ =
(

r̃ij
)

mn
CC

j

(5)r̃ij =

(

aij

c∗
i

,
bij

c∗
i

,
cij

c∗
i

)

(6)r̃ij =

(

a−
i

aij
,
a−
i

bij
,
a−
i

cij

)

(7)Ṽ =
(

ṽij
)

mn
=
(

wi ∗ r̃ij
)

mn

(8)A∗ =
{

v∗
1
, v∗

2
,…… , v∗

m

}

and v∗
i
= (1, 1, 1)

(9)A− =
{

v−
1
, v−

2
,…… , v−

m

}

and v−
i
= (0, 0, 0)

(10)d∗
j
=

m
∑

i=1

d
(

ṽij, ṽ
∗
i

)

for ( j = 1, 2,… , n )

The distance between two fuzzy numbers ñ and m̃ is 
calculated by this equation:

The triangular fuzzy numbers ñ and m̃ are denoted as 
follows:

The final classification of alternatives Aj with respect 
to the positive ideal solution A∗ is obtained by computing 
the closeness coefficient  CCj:

where,

Finally, the best alternative corresponds to the closest 
CCj coefficient to 1.

Weighting Methods

The determination of criteria weights can be conducted by 
different objective weighting methods [22]. Entropy is the 
most widely used objective method, aiding in calculating 
criteria weights in the case of lack of expertise or reinforc-
ing expert’s preferences when using subjective weighting 
methods. Entropy allows criteria weights calculation based 
on the intensity of contrast between weights of alternatives 
with respect to each criterion and between all criteria simul-
taneously [29]. However, the CRITIC method has additional 
advantages, as it considers both contrast intensity and the 
conflicting relationship between each pair of criteria [30]. 
In our case study, both Entropy and CRITIC methods were 

(11)d−
j
=

m
∑

i=1

d
(

ṽij, ṽ
−
i

)

for ( j = 1, 2,… , n)

(12)

d
(

m̃,ñ,
)

=

√

1

3

[

(

m1 − n1
)2

+
(

m2 − n2
)2

+
(

m3 − n3
)2
]

(13)ñ = (n1, n2, n3) ; m̃ = (m1, m2,m3)

(14)CC
j
=

d−
j

d∗
j
+ d−

j

(15)0 ≤ CCj ≤ 1 and (j = 1, 2,… , n)
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used. The procedure for calculating weights by each method 
is described below.

The entropy method uses probability theory to measure 
the uncertainty of information [28]. The first step involves 
defuzzification of the matrix M̃ of fuzzy numbers using 
Eq. 16 to obtain matrix M of discrete numbers xij:

This step is followed by the matrix M normalization using 
Eq. 17:

Then the entropy calculation is obtained by:

Finally, the criteria weights are computed using the for-
mula below:

with:

The CRITIC method also allows an objective calcula-
tion of each criterion weight. The same calculation method 
of CRITIC used by Şahin et al. [31] was followed in the 
present work. The defuzzification of the matrix M̃ of fuzzy 
numbers is performed using Eq. 16 to obtain matrix M, and 
its normalization is given by:

(16)xij =

[(

cij − aij
)

+
(

bij − aij
)]

3
+ aij

i = 1, 2, 3,… ,m j = 1, 2, 3,… , n

(17)pij =
xij

∑n

j=1
xij

(18)ei = −
1

ln (n)
×

n
∑

j=1

pij ln pij and i = 1, 2, 3,… , m

(19)

wi =
(

1 − ei
)

∕

(

m −

m
∑

i=1

ei

)

and i = 1, 2, 3,… ,M

(20)0 ≤ wi ≤ 1 et

m
∑

i=1

wi = 1

Then, the multiplicative aggregation formula is deter-
mined using Eq. 22. This quantity quantifies the two con-
cepts of contrast intensity and conflict for each criterion:

where, σi represents the standard deviation that quantifies 
the contrast intensity of criterion i calculated from matrix 
M and ρik is the correlation coefficient between each couple 
of criteria.

Finally, the criteria weights calculation is carried out 
using the following equation:

Procedure

The procedure followed in choosing the most efficient tech-
nology for the pyrolysis of municipal waste is shown in 
Fig. 2. First, pyrolysis technologies, also called alternatives, 
were selected, and the main and sub-criteria were defined. 
Then, the DM of linguistic notations was established and 
justified based on a detailed bibliographic study. Then, con-
sidering the subjectivity, ambiguity, and imprecision pre-
sented by the linguistic terms, the DM of linguistic notations 
was converted into the fuzzy triangular numbers DM. The 
objective weighting methods were used, notably the classi-
cal Entropy and CRITIC methods, to calculate the criteria 
weights just from the DM. Then these weights were used in 
the FTOPSIS calculation method to determine the final rank-
ing of pyrolysis technologies. Moreover, Entropy combined 
with the FTOPSIS method is widely used in the literature, 
while the combination of classical CRITIC and FTOPSIS is 

(21)
rij =

(

xij
)

−min
j

(

xij
)

∕

(

maxj
(

xij
)

−min
j
(xij)

)

with j = 1, 2, 3,… , n and i = 1, 2, 3,… , m

(22)Ci = �i

m
∑

k=1

(1 − ρik) i, k = 1, 2, 3, … , m

(23)wi = Ci ∕

m
∑

k=1

Ck i = 1, 2, 3, … , m

Fig. 2  Decision process dia-
gram

Decision process

Step 1: Determine alternatives

Step 2: Determine the main and sub criteria

Step 3: Establish the DM expressed by linguistic notations

Step 4: Express the DM in triangular fuzzy numbers

Step 5: Use objective methods (Entropy and C RITIC) to determine criteria weights

Step 6: Use FTOPSIS method to make the final ranking of alternatives
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rarely encountered in the literature, which led us to test this 
combination performance as well.

Criteria and Sub‑criteria

The maturity of pyrolysis technologies is an important fac-
tor in preselecting the candidate technologies that can be 
applied on an industrial scale in short to medium term. 
Thus, the preselected alternatives for the present compara-
tive study are the fixed bed, fluidized bed, rotary kiln, and 
screw reactors. In order to make an appropriate choice 
between these reactors by MCDM methods, it was first 
necessary to determine the main criteria or the general 
aspects to be taken into account. Then, each main criterion 
was subdivided into sub-criteria, where pyrolysis tech-
nologies have different performances, i.e., if the reactors 
have the same performances for a given criterion, this last 
was not taken into account. The main criteria representing 
the main success pillars of a waste-to-energy process are 
the techno-economic, ecologic, and industrial application 
criteria. The techno-economic aspect presents the reac-
tor's technical components that allow obtaining the desired 
product (bio-oil) and directly impact the process's operat-
ing cost. The ecological criterion designates the reactor's 
susceptibility to have a minimum negative environmental 
impact. The industrial application criterion compares the 
reactor's capacity to be implemented on an industrial scale. 
A detailed description of the considered sub-criteria is 
presented in the following sections. The main criteria with 
their corresponding sub-criteria are described in Fig. 3.

Techno‑economic Criteria

According to Bridgwater [32], the production of bio-oil 
by pyrolysis process requires a reactor with the follow-
ing technical performances: a high heat transfer rate, a 
well-controlled pyrolysis temperature (generally 500 °C), 
a short residence time of vapors (2 s) and biochar in the 
reactor. In addition, the main elements to consider for 
the economic evaluation are the operational and capital 

investments. The latter was not taken into account, as it 
was considered that the ranked technologies are already 
conventional and with a proven economic feasibility. 
Therefore, the capital investment can be recovered for all 
of them within an acceptable period. However, the mean 
elements of the operational cost, which can be the sub-
ject of comparison between alternatives, were considered, 
especially: the energy consumption and maintenance [33]. 
Indeed, MSW decomposition into bio-oil requires a large 
amount of energy. Therefore, a pyrolysis reactor with good 
heat transfer performance is the most favorable choice. 
In addition, MSW components have different sizes and 
shapes, and their grinding into fine sizes requires a lot of 
energy. Thus, the pyrolysis reactor must be insensitive to 
the feedstock particle size. Besides, each type of waste 
(plastic, paper, wood…) requires a different optimal resi-
dence time. Hence, given the MSW heterogeneous charac-
ter, a good residence time control is necessary to generate 
the desired product. Also, the reactor that allows optimi-
zation of the inert gas flow rate is the most favorable, to 
allow the quick evacuation of the volatile products and to 
reduce the energy required by MSW pyrolysis. It is also 
important to take into account the reactor maintenance 
requirements since it is always exposed to severe operat-
ing conditions: chemical reactions at high temperatures. 
It is, therefore, essential to consider heat transfer, particle 
size, residence time control, inert gas flow rate, and main-
tenance requirements as sub-criteria for techno-economic 
criterion for the most efficient pyrolysis reactor selection.

Industrial Application 

An innovative technology called industrially applicable if 
its mode of operation and ease of use in industry is evident. 
In order to evaluate the industrial applicability of different 
preselected pyrolysis technologies, two sub-criteria are very 
important to consider in our selection problem: scale-up 
capacity and feeding mode. Several authors have mentioned 
or demonstrated the high dependence of the pyrolysis pro-
cess’s economic feasibility on the production scale (small/
moderate/large) [33–35]. Fivga and Dimitriou [33] have 
shown that by increasing production capacity, the production 

Fig. 3  Considered criteria and 
sub criteria, for pyrolysis tech-
nology choice

Techno-Economic 

Heat Transfer
Particle Size

Residence time 
Inert gas flow rate 

Maintenance 

Industrial Application

Scale-up capacity 

Feeding mode

Ecological

Solar coupling ability 

Emissions of harmful 
substances 
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price of bio-oil becomes 2–18.9 times lower compared to 
other residual fuels. The payback time becomes shorter, up 
to 1 year, for a capacity of 10,000 kg/h. Among the three 
feeding modes (continuous, batch, or semi-batch), the reac-
tor capable of continuous operation is more convenient, 
requires less labor, and contributes to the economy of scale 
and the reduction of operating costs [36].

Ecological Criteria 

Pyrolysis is an endothermic process that requires a lot 
of thermal energy for its operation [37]. Usually, non-
renewable energy sources are employed to cover this need. 
Indeed, reactor heating to the desired pyrolysis temperature 
(300–700 °C) is achieved by electrical energy, by-product 
recycling (biogas and/or biochar), or by the use of fossil 
fuels [38]. However, solar energy application in pyrolysis 
reduces energy costs and minimizes greenhouse gas emis-
sions caused by using non-sustainable energy sources. Fur-
thermore, each type of pyrolysis reactor has advantages and 
disadvantages according to the solar coupling ability crite-
rion. Another essential criterion to consider is the “Emis-
sions of harmful substances” by the pyrolysis process. In 
fact, the pyrolysis process is considered one of the most 
environmentally friendly thermochemical conversion pro-
cesses [22]. However, MSW pyrolysis products often contain 
non-negligible substances amounts that are harmful to the 
environment and human health. In particular, harmful gases 
such as HCN and  NH3 are contained in the gas fraction. 
Also, polycyclic aromatic hydrocarbons (PAH) and dioxins 
and furans (PCDD/F) contained mainly in pyrolysis bio-oil, 
as well as heteroatoms (S, Cl, and O) and heavy metals (Cd, 
Pb, Zn, Cu, and Hg) that can be found mainly in biochar 
[39, 40].Thus, it is essential to consider the “Solar coupling 
ability” and “Emissions of harmful substances” as criteria to 
choose the most efficient reactor for MSW pyrolysis.

Decision Matrix Determination

The DM determination was relied on a literature review to 
justify the linguistic variables, expressing the difference in 
performances between pyrolysis reactors. The considered 
linguistic notations are: very poor (VP); poor (P); medium 
poor (MP); fair (F); medium good (MG); good (G); and very 
good (VG).

Matrix of Techno‑economic Criteria

Heat Transfer

Depending on the movement nature of feedstock and heat 
carrier material particles, each reactor has a different heat 
transfer mechanism. For the fixed bed reactor, heat is mainly 

transferred by conductivity through the reactor wall to the 
fixed bed of particles. Carrier gas introduced into the reactor 
at a very low speed does not allow the entrainment of bed 
particles. This fixed character of the particles explains the 
heat transfer difficulty through the fixed bed reactor. In the 
case of the fluidized bed reactor, the entrainment of carrier 
gas at high speed promotes the intense fluidization of bed 
particles. Also, the heat carrier material promotes feedstock 
fragmentation. It thus helps increase the heat exchange sur-
face between bed particles to ensure a good heat transfer 
and to make the reactor's internal temperature more uni-
form [41]; This explains the fluidized bed reactor's high heat 
transfer coefficient compared to the fixed bed reactor [40]. 
The intense contact between bed particles and the reactor 
wall can also be achieved through mechanical movements of 
pyrolysis reactor parts. Indeed, for rotary kiln, rotary move-
ment of the reactor wall allows the movement of particles in 
contact with the wall to promote heat transfer by conduction 
through the bed. This can explain the rotary kiln's moder-
ately low heat transfer coefficient compared to other reactors' 
performances [42]. For the screw reactor, instead of rotation 
of the entire reactor body, bed particle movement is pro-
moted by screw rotation. Especially the twin-screw reactors 
avoid adherent deposits of sticky coal in the heating zone 
and encourage more mixing and heat transfer in the system 
[43]. Therefore, the screw reactor is considered more effi-
cient in heat transfer than the rotary kiln reactor, with a mod-
erately high heat transfer coefficient [42]. The reactor with 
the highest heat transfer performance is the most favorable 
for the heat transfer sub-criterion. Therefore, linguistic vari-
ables can be expressed as follows: the fluidized bed reactor 
has a “good” rating, the screw reactor has a “medium good” 
preference, the rotary kiln reactor has a “medium poor” rat-
ing, and the fixed bed reactor has a “very poor” score.

Feedstock Particle Size

For some pyrolysis reactors, it is essential to use feedstock 
with very fine particles to maximize pyrolysis bio-oil pro-
duction. However, others are indifferent to particle size and 
have close performances in bio-oil production to other reac-
tor types, which is preferable. Indeed, a large bed particle 
size generates heavy carbon particles. Thus, for the fluid-
ized bed reactor they cannot be efficiently entrained out of 
the reactor by the carrier gas [44]. The feedstock supplied 
to this reactor type must be very fine (0.5-2 mm), so it can 
float easily in the fluid [45]. Hence, the fluidized bed reac-
tor is very sensitive to feedstock particle size. In contrast, 
for fixed bed reactors, several researchers have observed 
the small influence of particle size on bio-oil production 
from biomass pyrolysis [46–48]. Although more stud-
ies are needed to investigate this effect for heterogeneous 
MSW in this reactor type, it can be concluded, at least for 
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solid biomass, that the fixed bed reactor is indifferent to 
the feedstock particle size compared to the fluidized bed 
reactor. Most studies performed in the screw reactor have 
worked on particle sizes ranging from 0.2 mm up to 5 mm 
[45], because larger particles can easily block the reactor 
feed section. Hence, the screw reactor is somewhat sensi-
tive to particle size compared to the fluidized bed reactor 
[49, 50]. However, Antoniou and Zabaniotou [51] showed 
that the particle size variation does not significantly impact 
bio-oil production in rotary kiln reactor. For tires contain-
ing a considerable percentage of volatile matter, the rotary 
kiln reactor generally yields comparable bio-oil quantities 
to the screw reactor and slightly less than the fluidized bed 
reactor, even for large particle sizes [52]. For alternatives 
evaluation, the most sensitive reactor to particle size is the 
less favorable. Therefore, a “very poor” rating was given to 
the fluidized bed reactor, a “medium poor” preference to the 
screw reactor, and a “good” rating for rotary kiln and fixed 
bed reactors.

Biochar Residence Time

The residence time of biochar in a pyrolysis reactor influ-
ences the reactor heat, mass transfer, and chemical reactions 
between the gas and the solids bed [45]. The long residence 
time of biochar in the reactor decreases the energy efficiency. 
It favors the cracking of long molecules of volatile products, 
which minimizes the bio-oil yield [32]. Biochar evacuation 
in a batch mode fixed bed reactor can be done manually or 
automatically through a valve or a portal at the base of the 
reactor after the complete evacuation of volatiles. This reac-
tor type has a long residence time of biochar compared to 
the fluidized bed reactor [53]. In continuous mode, a fixed 
bed reactor requires a lot of sensors and detectors to syn-
chronize the biochar evacuation with feedstock feeding [54]. 
Thus, the residence time of biochar is difficult to control in 
this reactor type. A high fluidization velocity decreases the 
solid's residence time in the fluidized bed reactor, which can 
significantly reduce its overall conversion efficiency [55]. 
Sometimes it is difficult to control the fluidization velocity, 
whose optimal value can change instantaneously depend-
ing on operating conditions. Therefore, for the fluidized 
bed reactor, the fine particle's residence time is moderately 
controllable using the fluidization rate. Solid residence time 
in a rotary kiln depends on reactor dimensions, operating 
parameters, and feedstock properties. It can be adjusted by 
varying the reactor inclination and the rotation speed [56]. 
For the screw reactor, solids residence time depends on reac-
tor length, the screw pitch, and its rotational speed. Indeed, 
the reactor screw allows good control of feedstock residence 
time in the heating zone [57]. It allows, at the same time, 
the evacuation of biochar and the contact of solid particles 
with the heating source to guarantee a sufficient reaction 

time [58]. Therefore, residence time in rotary kiln and screw 
reactor is easily controlled. For controllability of the biochar 
residence time sub-criterion, a high rating was assigned to 
the reactor that is easier to control. Thus, the assignment of 
linguistic ratings for each reactor is as follows: “very poor” 
for the fixed bed reactor, “fair” for the fluidized bed reactor, 
and “good” for both rotary and screw reactors.

Carrier Gas Flow Rate

Increasing carrier gas velocity is essential to ensure the rapid 
evacuation of volatile products. It reduces volatiles average 
residence time in the reactor hot zone and minimizes sec-
ondary reactions: thermal cracking, depolymerization, and 
decondensation, to maximize the bio-oil yield [59]. How-
ever, the optimization of gas velocity is essential. Since by 
increasing gas velocity, volatiles are transported rapidly to 
the condenser before the pyrolysis reactions completion, 
which minimizes bio-oil production [47]. The fluidized 
bed reactor requires high carrier gas velocity [43], which 
helps on suspending the solid particles in the gas stream and 
ensuring stable fluidization throughout the reactor volume 
[60]. In addition, the vapor residence time is controlled using 
the carrier gas flow rate, and it is usually set between 0.5 
and 2 s [44]. On the other hand, in the fixed bed reactor, the 
carrier gas is usually introduced at low velocity to maintain 
the fixation of bed particles. For the rotary kiln reactor, Ace-
vedo and Barriocanal [61] showed that by increasing carrier 
gas flow rate, the bio-oil yield increases, and that of heavy 
oils decreases in favor of light oils. This effect is explained 
by the secondary reaction's contribution to volatile prod-
uct cracking, favoring the production of non-condensable 
gases. However, these reactions help increase the bio-oil 
calorific value by decreasing its oxygenated components 
[61]. The use of carrier gas in the case of rotary kiln reactor 
also allows heat transfer improvement by convection and the 
rapid escape of volatile products. It does not allow biochar 
evacuation as in the case of the fluidized bed reactor [62]. 
Thus, rotary kiln requires a moderately low gas velocity. In 
the screw reactor, the pyrolysis vapors are often transported 
along the entire length of the reactor or even through the 
hot coal, which promotes vapors cracking into less valuable 
light gases [43]. These conditions minimize bio-oil yield and 
require installing evacuation devices along the reactor. Thus, 
carrier gas in screw reactor has the same functionalities as 
in rotary kiln. Therefore, the required velocity of the screw 
reactor carrier gas is moderately low. For the assignment 
of the linguistic values, the reactor requiring a higher car-
rier gas velocity was considered the least favorite because it 
consumes a lot of energy. Hence, in this case, the attributed 
notations are the following: “poor” preference value for the 
fluidized bed reactor, “good” notation for the fixed bed reac-
tor, and “medium good” rating for rotary and screw reactors.
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Maintenance Requirements

In the four preselected reactors, two main anomalies have 
been the subject of several studies [63–65]; especially 
metal parts wear and particle aggregation inside the reac-
tor. To classify pyrolysis reactors in terms of their main-
tenance requirements, we also consider their mechanical 
and functional complexity. Indeed, a reactor that requires 
several moving mechanical parts needs more lubrication and 
can encounter alignment problems between the mechani-
cal parts. Moreover, if the control of the operating param-
eters is difficult, the probability of malfunctions occurrence 
increases. Internal wall erosion is one of the main problems 
for the fluidized bed reactor. In fact, under high-temperature 
conditions, the frequency and intensity of shocks of fluid-
ized particles driven by the carrier gas at high-speed cause 
wall material degradation, even if it is made of alloyed steel 
to resist such conditions [66]. In addition, the bed particle 
agglomeration phenomenon is one of the often-encountered 
problems by this reactor. Nisamaneenate et al. [63] stated 
that bed agglomeration leads to plant shutdown, and it is 
costly concerning maintenance. Regarding functional com-
plexity, this reactor type requires a complex control system 
to ensure the successful fluidization of bed particles. There-
fore, it can be stated that the fluidized bed reactor requires 
a high level of maintenance [40]. In the case of the screw 
reactor, frictions between the moving screw and bed parti-
cles lead to screw erosion. Also, the screw can be subjected 
to deformation or blockage in case of ungrounded feedstock 
or overloading [40, 67]. Besides, the presence of sophis-
ticated moving mechanical parts amplifies the mechanical 
complexity of this reactor type. Thus, it can require mod-
erately high maintenance [40]. The rotary kiln is also sub-
jected to erosion due to friction between the rotating wall 
and the bed particles. Also, it is mechanically complex, as 
it involves several rotating parts: rotation of the entire wall 
in relation to the toothed and smooth support wheels [68]. 
But the maturity of this technology allows good control and 
prevention of anomalies. For example, stirring balls prevent 
agglomeration of the bed particles [69]. Therefore, the rotary 
kiln requires moderately low maintenance. Fixed bed reactor 
operation does not require moving parts or bed particles flu-
idization that can lead to reactor material erosion. Besides, 

bed particles agglomeration is not a problem during fixed 
bed operation. As a result, maintenance requirements for the 
fixed bed reactor are said to be low. Hence, considering that 
the reactor requiring higher maintenance is less preferred, 
the linguistic notations are as follows: “poor” preference for 
the fluidized bed reactor, “medium poor” score for the screw 
reactor, “good” rating for the fixed bed reactor and “medium 
good” preference for rotary kiln reactor. Table 1 shows the 
DM that summarizes the different preference weights in the 
form of linguistic values assigned to the techno-economic 
sub-criteria for each alternative.

Matrix of Industrial Application

Scalability

For pyrolysis, to meet the industrial scale operation require-
ments, the reactor should have the capacity to process 
different feedstock types, less requirements on feedstock 
pretreatment (particle size and moisture), low additives 
requirements, high heat transfer efficiency, and large pro-
cessing capacity [70]. The rotary kiln reactor is used for 
MSW pyrolysis up to the capacity of 150,000 tons/year [60]. 
Fabian et al. [71] showed that by increasing the feedstock 
flow rate, the reactor length/diameter ratio increases, and 
thus at a large scale, the rotary kiln reactor becomes thinner. 
Junqing et al. [72] showed that large-scale production does 
not greatly influence bio-oil properties compared to small-
scale production. Also, the biogas composition  (H2, CO, 
 N2, and  CH4) remains almost the same for different scales. 
Besides, a tendency towards small chain hydrocarbons for-
mation was noticed at the large scale due to the cracking 
reactions. These characteristics make this reactor a good 
solution for different scales. In Europe, several screw reactor 
technologies are scaled up from 15 kg/h to 500 kg/h for dif-
ferent feedstock types (forestry waste, plastic, used tires, and 
industrial sludge….). However, the major drawback of this 
reactor is its low heat transfer efficiency at large scale [43]. 
This problem can be addressed by working on multi-reactor 
installations or by increasing the mass flow rates of the heat 
carrier material. Nevertheless, these solutions may increase 
the process investment cost as well as the energy consump-
tion. However, the fluidized bed has a very good scaling-up 

Table 1  DM corresponding to 
the techno-economic criteria

Rotary kiln Fixed bed 
reactor

Fluidized bed 
reactor

Screw reactor

Heat transfer MP VP G MG
Feedstock particle size G G VP MP
Biochar residence time G VP F G
Carrier gas flow rate MG G P MG
Maintenance requirements MG G P MP
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potential, as it is already scaled up to many commercial units 
worldwide, with some design improvements [73]. Indeed, 
a leading Canadian company in circulating fluidized bed 
technology built eight commercial pyrolysis plants with 
capacities ranging from 1 to 100 t/day [74]. According to 
Gholizadeh et al. [60], the fixed bed reactor is hardly used 
at an industrial scale for MSW pyrolysis. It is generally used 
in laboratory scale units to evaluate the pyrolysis operating 
parameters. This literature review allowed us to compare and 
rank the four preselected reactors regarding their scalability. 
The fluidized bed reactor was given a “very good” score, 
followed by the rotary kiln with a “good” score, then the 
screw reactor with a “fair” preference, and finally, the fixed 
bed reactor, which is difficult to scale up with a ‘poor” score.

Feeding Mode

In general, MSW pyrolysis can be performed in batch, semi-
batch, or continuous mode operation. The later insures larger 
capacity, lower operating cost, and easy scale up. The fixed 
bed reactor could be a suitable type for batch/semi-batch 
operations. However, the main problem during its continu-
ous mode operation is the low heat transfer, especially, for 
feedstock particles located in the bed central part, resulting 
in a low bio-oil yield [60]. Feeding mode in the fluidized 
bed reactor can be continuous or batch. Indeed, during the 
reactor feeding, the feedstock particles need to be carefully 
sifted to achieve a narrow particle size distribution. Fine 
particles must be introduced near the base of the bed. Oth-
erwise, they will be quickly carried out of the bed before 
pyrolysis completion [44]. However, heterogeneous feed-
stock with high volatile content (MSW and mixed plas-
tics) is preferably fed near the base of the bed at multiple 
entry points. So, good initial mixing between carrier gas 
and feedstock particles is achieved [55]. The simple design 
of the screw reactor allows its operation in continuous or 
semi-continuous mode, and the feeding rate varies accord-
ing to the type of feedstock [43]. Nevertheless, the continu-
ous feeding of the mixed MSW in the screw reactor poses 
a problem of rapid vaporization of the plastic against the 
biomass, which remains solid [60]. Rotary kiln reactor is 
more used in batch or semi-batch mode. The sales manager 
of Shangqiu Ruixin General Equipment Manufacture Co, 
Ltd mentioned that continuous rotary kiln reactor is still an 

immature technology [75]. Continuous operation requires 
more investment and operation costs compared to batch 
operation, as it requires rigorous feedstock pretreatment and 
more control and management points.

According to this comparative study between the four 
reactors for the feeding mode sub-criterion, the highest score 
was attributed to the reactor that can operate continuously. 
Therefore, fluidized bed and screw reactors have a “fair” 
score since they can operate well in continuous mode, at 
least for a feedstock with homogeneous characteristics. The 
rotary reactor was given a “medium poor score” since it has 
the potential for continuous operation after some ameliora-
tions. A “very poor score” was given to the fixed bed reactor 
since it can operate only in batch mode. Table 2 shows the 
DM of linguistic scores already assigned to the four alterna-
tives for the industrial application criteria.

Ecological Criteria 

Solar Coupling Ability

Very few studies exist on coupling rotary kiln pyrolysis 
reactors to solar energy, even at the laboratory scale. Grass-
man et al. [76] produced biochar by pyrolysis of biomass 
using a prototype of a solar rotary kiln reactor. However, 
the system encountered heat transfer problems inside the 
reactor, which led to an incomplete pyrolysis reaction. The 
rotary kiln coupling ability with solar energy was tested for 
other metallurgical and chemical processes. One of the used 
methods to heat rotary kiln reactor is the direct heating of 
feedstock mixed with heat transfer material inside the reac-
tor by letting in solar radiations through a well-positioned 
window [77]. This solar heating technique often encounters 
problems with lateral temperature distribution (high-tem-
perature gradient) along the reactor. In addition, the window 
made of transparent materials is subject to thermal shocks 
that can break it or degrade its transmittance. Besides, solar 
radiation negatively influences temperature measurements 
inside the reactor: contact thermocouples can be damaged, 
and remote temperature measurement methods cannot dif-
ferentiate between reflected and emitted radiation [77]. Flu-
idized bed reactor coupling with solar energy has been spe-
cially studied for gasification rather than pyrolysis [78–80]. 
Indirect coupling of fluidized bed reactors through a solar 
wall or heat transfer material heating can overcome the scal-
ing up and temperature homogenization difficulties in direct 
coupling. Suárez-Almeida et al. [81]] studied solar heating 
through a solid heat carrier material. They have shown that 
their model has great potential for short and medium-term 
scaling. However, this configuration presents challenges in 
gasification unit design and solids flow control that should 
be the focus of future investigations.

Table 2  DM corresponding to the industrial application criteria

Rotary kiln Fixed bed 
reactor

Fluidized 
bed reactor

Screw 
reac-
tor

Scalability G P VG F
Feeding mode MP VP F F
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The fixed-bed solar reactor has been widely stud-
ied at the laboratory scale in the pyrolysis process [38, 
82–85]. Considerable variation in bio-oil yield was 
found between these studies, which may be due to vari-
ations in feedstock type, operating parameters, and the 
use of different pyrolysis technology configurations, 
designs, and scales. The authors concluded a maximum 
bio-oil yield of 50%, a reduction of  CO2 emissions by 
32%, and a considerable reduction in fuel costs [86]. 
Screw reactor coupling with solar energy is very rare in 
literature. One of the few applications found was per-
formed by Sohaib [87], who designed a horizontal screw 
sludge pyrolysis reactor coupled with a solar concen-
trator. However, the solar coupling is not very clear in 
this study, and the choice of the screw reactor for this 
coupling was not well justified. For thermochemical 
processes, more efforts should be made to explore this 
configuration's potential in the solar coupling, especially 
for the pyrolysis process. In conclusion, the reactor with 
fewer technical difficulties in solar coupling is ranked 
first for this criterion. Zsembinszki et  al. [88] have 
already compared reactors used for solid–gas and ther-
mochemical decomposition regarding their solar appli-
cations, specifically, fixed bed, rotary kiln, and fluidized 
bed reactors. Among 68 of these reactors reported in the 
literature, the fixed bed reactor is the one mostly used 
in solar coupling (50%), followed by the fluidized bed 

reactor (21%) and then the rotary furnace reactor (15%). 
Indeed, it is clear that the research in the solar coupling 
of fixed bed reactors is in a more advanced stage than 
the other reactors. Moreover, the popularity of a solar-
coupled reactor is a sign of its technical maturity in 
solar coupling. In addition, it is true that the fluidized 
bed reactor is more efficient in heat transfer between 
bed particles and has great scale-up potential compared 
to the fixed bed reactor. However, the latter remains the 
most mature pyrolysis reactor for solar coupling, and its 
difficulties in scaling up and heat transfer were already 
considered in the techno-economic criterion. Therefore, 
for the solar coupling ability criterion, fixed bed reactor 
can be given a “very good” score, fluidized bed reactor 
a “good” score, rotary kiln reactor a “fair” rating, and 
screw reactor a “very poor” score.

Emissions of Harmful Substances

Harmful substances fraction in pyrolysis products varies 
considerably depending on the type and composition of 
the feedstock, the operating conditions, the type and size 
of the pyrolysis reactor [39]. A very limited number of 
investigations have been directed toward studying the reac-
tor type influence on the degree of toxicity of pyrolysis 
products [89–93]. This makes it difficult to draw general 
conclusions on the ecological performance of the stud-
ied reactor types. Mohr et al.[89] showed that the bio-oil 
produced from MSW pyrolysis in the rotary kiln reactor 
contains more PCDD/F than biochar and biogas products. 
In addition, the Toxic Equivalency Factor (TEF) of pyroly-
sis products from this reactor is three times greater than 
that of the feedstock. In comparison, batch reactor biochar 
contains more dioxins, furans, and PCDD/F. Also, the out-
put TEF is 11 times higher than the input TEF. One of the 
advantages of rotary kiln reactor, compared to other reac-
tors (e.g., fixed bed), is its flexibility in adjusting residence 

Table 3  DM corresponding to the ecological criterion

Rotary kiln Fixed bed 
reactor

Fluidized 
bed reactor

Screw reactor

Solar 
coupling 
ability

F VG G VP

Emissions 
of harmful 
substances

MG P F MP

Table 4  Decision Matrix M̃  of fuzzy values

Criteria Sub criteria Kiln reactor Fixed bed reactor Fluidized bed 
reactor

Screw reac-
tor

Techno- economic Heat transfer (HT) 1 3 5 0 0 1 7 9 10 5 7 9
Feedstock particle size (FPS) 7 9 10 7 9 10 0 0 1 1 3 5
Bio char residence time (BRT) 7 9 10 0 0 1 3 5 7 7 9 10
Carrier gas flow rate (CGFR) 5 7 9 7 9 10 0 1 3 5 7 9
Maintenance requirements (MR) 5 7 9 7 9 10 0 1 3 1 3 5

Industrial application Scalability (SC) 7 9 10 0 1 3 9 10 10 3 5 7
Feeding mode (FM) 1 3 5 0 0 1 3 5 7 3 5 7

Ecologic Solar coupling ability (SCA) 3 5 7 9 10 10 7 9 10 0 0 1
Emissions of harmful substances (EHS) 5 7 9 0 1 3 3 5 7 1 3 5
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time, which can help to control products composition and 
thus to improve its environmental performance. In addi-
tion, the geometry and operating mode of rotary kiln reac-
tor offer the possibility to use alumina balls to destroy 
PAH molecules [69], which is a less costly solution for 
harmful product reduction. Therefore, the rotary kiln reac-
tor can be given a “medium good” score. However, further 
studies are needed to determine the optimal size of alu-
mina balls to maximize their grinding effect. In addition, 
feedstock residence time in rotary kiln reactor needs to be 
optimized to reduce pollutant products while maintaining 
a high bio-oil yield. Studies in this context still need to be 
answered for the other reactors. In particular, the fluid-
ized bed reactor has a unique ability to retain heteroatoms, 
allowing it to have a “fair” preference. The microwave 
effect applied to the screw reactor can also limit the mac-
romolecules production. However, it remains an expen-
sive option. Thus, the screw reactor was given a “medium 
poor” rating. The fixed bed reactor is less flexible to less 
expensive improvements. Therefore, it was given a “poor” 
score. Table 3 represents the DM of the justified linguistic 
notations corresponding to ecological criteria.

The linguistic notations synthesized from the litera-
ture review (Tables 1, 2, and 3) were converted to fuzzy 
triangular numbers by applying the same conversion 
table as Rani et al. [94], allowing us to obtain the matrix 
M̃ of fuzzy values. Table 4 gives the DM of fuzzy val-
ues. This matrix shows the preference assigned to each 
reactor type, considering techno-economical, industrial, 
and ecological criteria. The DM is used in the next step 
to classify pyrolysis reactors.

Pyrolysis Reactor Classification

Criteria Weights Calculation

The weight of each sub-criterion was calculated, following 
the procedure described in the “Weighting Methods” section, 
using Eqs. (16–20) and (21–23) for Entropy and CRITIC, 
respectively. These objective methods were calculated based 
on the matrix M̃ data (Table 4). The obtained results are 
presented in Fig. 4. This figure shows that with different 
rankings, both methods assign the highest weights to parti-
cle size, heat transfer, and solar coupling criteria. All these 
criteria directly affect the energy consumption of the pyroly-
sis unit. Indeed, knowing that the energy consumption is a 
great deal for pyrolysis technologies, it is more beneficial to 
give these criteria more importance in our decision-making 
process. In addition, Entropy gave the lowest weight to the 
carrier-gas flow rate criterion because the three alternatives: 
rotating kiln, screw, and fixed bed reactors, have almost the 
same performance for this criterion. Therefore, the carrier 
gas flow rate's relative importance for the decision process 
is low. Furthermore, considering pyrolysis to be an ecologi-
cal process, the attributed scores to the alternatives for the 
Emission of harmful substances criterion are comparable, 
which minimizes the importance of this criterion weight as 
well. Therefore, the CRITIC and Entropy methods ranked 
the weight of this criterion as the last one and second to 
the last, respectively. However, other sub-criteria, such as 
biochar residence time, maintenance requirements, and feed-
ing mode, were classified differently by the two weighting 

Fig. 4  Criteria weights obtained 
from Entropy and CRITIC 
methods
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methods. Indeed, this variation of criteria weights classifica-
tion obtained by the Entropy and CRITIC methods is due to 
the calculation procedure. Both methods consider the infor-
mation expressed by the score’s distribution of alternatives 
for a single criterion [95]. Using probability theory, Entropy 
allows criteria weights calculation based on the intensity of 
contrast between weights of alternatives for each criterion. 
The more different the scores attributed to alternatives for 
a criterion, the greater the criterion weight. However, the 
CRITIC method has additional advantages. It considers both 
contrast intensity and the conflicting relationship between 
each pair of criteria. The contrast intensity is quantified 
using the standard deviation or any other index of score 
divergence (Entropy or variance). Besides, the conflicting 
relationship between each pair of criteria is measured by 
removing the interdependence between them. Accordingly, 
the CRITIC method can reflect more information about 
criteria competition rather than the Entropy method [30]. 
Therefore, different criteria weight values were obtained by 
the two methods. The Spearman correlation coefficient was 
used to ascertain the relationship between weights classifica-
tion given by Entropy and CRITIC methods. The calculation 
of this coefficient gave a positive value of 0.66, which shows 

a considerable dependence between the ranking of criteria 
weights given by the two methods.

The final ranking of the pyrolysis reactors was based on 
the Entropy-FTOPSIS and CRITIC-FTOPSIS methods, 
using Eqs. (2–15) described in the “TOPSIS and FTOPSIS” 
section. Indeed, the calculated weights by each weighting 
method (Entropy, CRITIC) were integrated into the FTOP-
SIS method. The obtained ranking results are grouped in 
Table 5, showing that the rotary kiln is ranked first, followed 
by the fluidized bed reactor, then the screw reactor is ranked 
before the fixed bed reactor. The two weighting methods 
(Entropy, CRITIC) combined with FTOPSIS give a perfectly 
similar ranking of alternatives, so both methods provide sat-
isfactory results for selecting efficient pyrolysis technology. 
As far as we know, CRITIC-FTOPSIS was scarcely used in 
the literature compared to Entropy-FTOPSIS for a multi-
criteria decision problem. This work demonstrated the cred-
ibility of the CRITIC-FTOPSIS combination's results and its 
reliability for a multi-criteria decision problem. Moreover, 
the results similarity can be due to the consistency of cri-
teria weights ranking given by the two objective methods, 
which was proven by the Spearman coefficient. Also, it can 
be due to the FTOPSIS robustness to the variation of criteria 

Table 5  Final ranking of 
reactors by Entropy-FTOPSIS 
and CRITIC-FTOPSIS

Rotary kiln reactor Fluidized bed 
reactor

Screw reactor Fixed bed reactor

Entropy-FTOPSIS d+
i

8.4600 8.5124 8.3332 8.5890
d−
i

0.5648 0.5185 0.6914 0.4361
Cij 0.0626 0.0574 0.0766 0.0483

CRITIC-FTOPSIS d+
i

8.4724 8.4904 8.3212 8.6079
d−
i

0.5541 0.5411 0.7036 0.4195
Cij 0.0614 0.0599 0.0780 0.0465

Ranking 1 2 3 4

Fig. 5  Sensitivity analysis 
results
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weights. Thus, the FTOPSIS robustness is tested in the next 
section using sensitivity analysis.

Sensitivity Analysis

Sensitivity analysis consists of giving each sub-criterion the 
greatest weight 0.5 and sharing the rest, i.e., 0.5 among the 
eight other criteria, which is 0.0625 for each criterion. This 
operation was repeated nine times. The objective is to evalu-
ate the FTOPSIS sensitivity to ensure that the reactors rank-
ing is not too sensitive to the sub-criteria weight’s variation. 
Also, to determine the criteria whose variation influences 
this solution. Figure 5 presents the results of this sensitivity 
study. This figure shows that the FTOPSIS method is robust 
and not sensitive to considerable weight variation, with a 
percentage of 67%. In 6 out of 9 experiments rotary kiln is 
the optimal solution. Indeed, this reactor is always ranked 
first by attributing high weights to the sub-criteria of feed-
stock particle size, biochar residence time, carrier gas flow 
rate, maintenance requirements, scalability, and emissions of 
harmful substances. However, the rotary kiln is not ranked 
first for heat transfer, feeding mode, and solar coupling crite-
ria. Moreover, efforts are being made to increase heat trans-
fer in this reactor type, mainly by using heat transfer materi-
als (sand, metal balls) [96], catalysts [97], as well as reactor 
internal geometry improvement [98]. In addition, one of the 
methods used to enable efficient continuous operation of 
rotary kilns is the combination of two reactors operating in 
batch mode. Indeed, alternative unloading and feeding of the 
two reactors allow for maximizing resource recovery (gas 
can be shared) to reduce thermal energy costs. In addition, 
indirect solar heating can overcome the limitations caused 
by the direct coupling of rotary kilns with solar energy. For 
example, heating the reactor wall or using an intermediate 
heat transfer fluid gives more freedom to use a conventional 
kiln reactor with a good scalability potential [99]. However, 
more investigations are needed to improve the heat trans-
fer, scalability, and solar coupling ability of rotary kilns for 
MSW pyrolysis.

Conclusion

This work compared four pyrolysis reactors to choose the 
most suitable one for MSW valorization into bioenergy. 
Based on the different MCDM methods, a robust decision-
making method was selected. Starting with the assignment 
of linguistic notations, their justification, and conversion 
into fuzzy values, and concluding with the final ranking of 
alternatives using Entropy-FTOPSIS and CRITIC-FTOPSIS 
methods. For criteria selection, all techno-economic, eco-
logic, and industrialization aspects were considered. The 

two methods, Entropy-FTOPSIS and CRITIC-FTOPSIS, 
allowed us to select the rotary kiln as the optimal solution 
for MSW pyrolysis into high-energy biofuel. The decision-
making process was confirmed to be robust by sensitivity 
studies. Finally, the method used also allowed us to deter-
mine the main axes of development in future investigations, 
especially: the improvement of heat transfer, feeding mode, 
and solar coupling ability of the rotary kiln pyrolysis reactor.
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