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Abstract
Biomass treatment and upcycling is attracting considerable critical attention. Upcycling is a converting procedure to alter 
a valueless or low-value product to another form with higher value, and in this regard, biomass gasification is an upcycling 
process which converts biomass into a hydrogen-rich syngas. In recent years, researchers have shown an increased interest 
in biomass gasification; however, there is a lack of a comprehensive and systematic research considering simultaneously 
various biomass types and gasifying mediums. This study set out to simultaneously consider twenty biomass types and three 
gasifying mediums and perform a systematic multi-criteria decision analysis to select the best coupling of biomass type/
gasifying medium considering nine criteria of syngas compositions and different efficiencies. Biomass types were ranked 
using the technique for order of preference by similarity to ideal solution method for each gasifying medium, and a sensitivity 
analysis was performed to select the first and second biomass types with respect to different criteria weights. Performance 
of gasification processes was multi-objective optimized using response surface methodology. A systematic multi-criteria 
decision analysis and a sensitivity analysis were conducted to choose the best gasification performance of the best biomass 
types in their optimum conditions. The findings revealed that gasification with a steam gasifying agent by pine sawdust bio-
mass had the best performance and produced 46.96% of hydrogen and only 4.99% of carbon dioxide and led to energy and 
exergy efficiencies of 80.91% and 86.03%, respectively. The findings can contribute to a better understanding of the biomass 
gasification process with different feedstocks and agents.
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1  Introduction

Biomass has several advantages, such as its independence 
from climate and location, ease of storing and transport, and 
availability compared to other renewable sources. Biomass 
gasification as an efficient upcycling technology is one of the 
most promising alternatives for the direct utilization of fossil 
fuels with a bright outlook [1]. A combustible syngas con-
taining hydrogen, methane, and carbon monoxide is resulted 
from biomass gasification having valuable heating values 
for applications in power, combined, and multi-generation 
systems [2]. There are different biomass types and gasifying 

mediums for this good process and many researchers have 
studied their performances.

Zhang et al. [3] developed a co-generation system of heat 
and power based on biomass gasification. They considered 
municipal solid waste, paddy husk, paper, and wood as the 
potential feedstocks for their system. Their findings confirmed 
that municipal solid waste gasification resulted in higher elec-
tricity production, higher heat production, and larger exergy 
efficiencies. Therefore, they introduced municipal solid waste 
as the best feedstock concerning the mentioned criteria. 
Municipal solid waste gasification also ranked second con-
cerning energy efficiency and exergy destruction rate criteria. 
A combined heat and power system was activated using rice 
straw gasification based on air and steam as gasifying medi-
ums by Wu et al. [4]. Their findings revealed that hydrogen, 
carbon dioxide, and methane productions were increased with 
rising of steam to biomass ratio; however, carbon monoxide 
production was reduced. Safari and Dincer [5] developed a 
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co-generation system using algal biomass gasification for 
producing green hydrogen and electrical power. They showed 
that increasing the biomass flow rate decreased the exergy effi-
ciency of the system and increased the total cost rate. Also, 
their results indicated that the total cost rate significantly 
decreased when the gasifier worked at higher temperatures. 
However, the changes in the exergy efficiency versus the gasi-
fier temperature were negligible. An integrated tri-generation 
system of power, heat, and liquefied natural gas was developed 
by Ebrahimi and Ziabasharhagh [6] using rice husk gasifica-
tion. They used oxygen and steam as gasifying mediums and 
concluded that changing gasifier pressure did not affect syn-
gas compositions. Cao et al. [7] used biomass in a gas tur-
bine unit coupled with an organic Rankine cycle/absorption 
refrigeration cycle and generated power by waste heat from 
the biomass process. They compared these two cases from 
thermo-economic viewpoints and applied a genetic algorithm 
for multi-objective optimization. The results indicated that the 
gas turbine unit coupled with inlet cooling had an optimal state 
with 11.2% higher exergy efficiency than other cases. Lin et al. 
[8] proposed a co-generation system of electrical power and 
liquid hydrogen based on biomass gasification. They studied 
the influence of biomass flow rate on the system performance. 
Their findings revealed that the exergy efficiency decreased 
and the total cost rate increased when the biomass mass flow 
rate enlarged. Also, more power was produced, and the mass 
flow rate of liquid hydrogen improved when the biomass flow 
rate increased. AlNouss et al. [9] performed an analysis on 
gasification of coconut coir pith and its char in the presence of 
steam as the gasifying medium. Coconut coir pith gasification 
yielded more hydrogen production at lower gasifier tempera-
tures and steam to biomass ratios. However, hydrogen produc-
tion was higher in coconut coir pith char gasification at higher 
gasifier temperatures and steam to biomass ratios than coconut 
coir pith gasification. Safarian et al. [10] developed a combined 
heat and power system based on air biomass gasification of 
garden waste, timber and wood waste, and mixed paper waste. 
Their results indicated that the gasification of timber and wood 
waste generated higher electrical efficiencies at all gasifier 
temperatures and equivalence ratios compared to the other 
two biomasses. Cao et al. [11] studied a co-generation system 
producing electrical power and hydrogen fueled by biomass 
gasification and digestion. Their main purpose was to conduct 
a comparison investigation from thermodynamic, economic, 
and electrochemical viewpoints. Their results showed that the 
system based on biomass digestion had a better performance 
from a thermodynamic viewpoint; however, the system based 
on biomass gasification was better concerning economic cri-
teria. A comparative study between biomass gasifications with 
steam and oxygen mediums in a poly-generation system was 
conducted by AlNouss et al. [12]. A blend of sludge, food 
waste, manure, and date pit was considered as biomass and a 
techno-economic-environmental investigation was performed. 

Their results revealed that a steam biomass gasification-based 
system presented economically and environmentally better per-
formance compared to a system based on oxygen gasification. 
Cao et al. [13] developed a co-generation system of electrical 
power and heat based on peach stone gasification. Their results 
showed that increasing the equivalence ratio decreased the net 
produced electrical power and increased the produced heat. Li 
et al. [14] triggered a solid oxide fuel cell by a biomass gasifier 
to generate electrical power and heat. Steam, air, and oxygen 
were considered as the gasifying agents and this process was 
simulated in Aspen Plus software. The findings illustrated that 
their system could reduce the dependence on fossil fuels using 
agricultural waste, and the energy and exergy efficiencies of 
the system were achieved by 67.3% and 29.2%, respectively. 
Ishaq et al. [15] studied the effects of gasifier parameters on a 
multi-generation system based on rice husk gasification using 
a steam gasifying agent. Sugarcane bagasse gasification with 
an air/steam gasifying medium was comprehensively assessed 
by Jahromi et al. [16]. Their findings reveal that hydrogen pro-
duction and conversion efficiency were markedly improved 
by increasing steam to air ratio. Drying sugarcane bagasse 
also led to gasification with higher hydrogen production and 
a more efficient conversion rate. Biomass downdraft gasifier 
reactor was coupled with a desalination unit to run a co-gen-
eration (electrical power and freshwater) system by Sorgulu 
and Dincer [17]. Air and municipal solid waste were selected 
as gasifying medium and feedstock, respectively. The results 
showed that energy efficiency of 37.04% and exergy efficiency 
of 19.78% were obtained for the proposed system.

Biomass gasification as one of the most promising 
candidates to resolve the issues of fossil fuels can be 
performed using different biomass types and gasifying 
mediums. Several studies have been performed on the 
performance of systems based on biomass gasification 
with different biomass types and/or gasifying mediums. 
However, there is a lack of comprehensive and systematic 
research considering various biomass types and gasifying 
mediums. The main objective of this paper is to perform 
a systematic research study on various biomass types and 
gasifying mediums using multi-criteria decision analysis 
techniques. Five syngas composition criteria of hydrogen, 
carbon monoxide, carbon dioxide, methane, and nitrogen 
productions and four efficiency criteria of energy, chemi-
cal, exergy, and hydrogen efficiencies are considered, and 
the best performance of the gasification process is selected 
concerning the feedstock and agent. The main contribu-
tions of the present study can be summarized as follows:

(1)	 Considering simultaneously various biomass types and 
gasifying mediums, including twenty different biomass 
types and three gasifying mediums of steam, air, and 
oxygen

13158



Biomass Conversion and Biorefinery (2024) 14:13157–13171 

1 3

(2)	 Selecting the best biomass type for each gasifying 
medium based on a systematic multi-criteria decision 
analysis considering nine different criteria

(3)	 Performing sensitivity analysis on the best biomass-
relevant gasifying medium

(4)	 Optimizing performance of best biomass-relevant gasi-
fying medium using response surface methodology

(5)	 Performing a systematic multi-criteria decision analy-
sis to select the best combination of biomass/gasifying 
agents between sixty possible alternatives (twenty bio-
mass types × three gasifying mediums)

2 � System modeling

Gasification is a process that takes place in the presence of 
biomass and gasifying agent. The biomass can be converted 
to combustible gases using a gasifying agent. The gasify-
ing agent is selected between steam, air, carbon dioxide, and 
oxygen and also a combination of them, such as steam–air 
[18]. Each of them has some advantages and disadvantages; 
therefore, steam, air, and oxygen are fed to the gasifier reactor 
separately in this study. Twenty types of biomass, apricot stone 
[19], beech wood [20], cedar wood [21], coffee husk [22], corn 
cob [23], cotton stem [24], grapevine pruning waste [25], holm 
oak [26], jute stick [27], legume straw [28], olive refuse [29], 
peach stone [30], pine sawdust [31], rice straw [31], spruce 
wood pellet [32], sugarcane bagasse [33], sunflower shell [29], 
switchgrass [33], wheat straw [34], and wood sawdust [35], are 
fed to the gasifier. Drying, pyrolysis, oxidation, and reduction 
are four steps in the gasifier reactor. Biomass crosses through 
a screw feeder and enters the gasifier and then is dried in the 
first step. This step needs heat for the heating process obtained 
from the exothermic reactions happening in the gasifier reactor. 
The pyrolysis process is done in the second step. The pyro-
lyzed biomass reacts with a gasifying agent, and the oxidation 
is done in the third step. Finally, the fourth step occurs, and 
synthesis gas is produced including carbon monoxide, carbon 
dioxide, methane, hydrogen, steam, and nitrogen.

The equilibrium reactions that take place through the 
gasification process are as follows [36]:

(1)
Boudouard Reaction C + CO2 ↔ 2CO ΔH = +172 kJ∕mol

(2)
Water − gas Reaction C + H2O ↔ CO + H2 ΔH = +131 kJ∕mol

(3)
Hydrogasification C + 2H2 ↔ CH4 ΔH = −74.8kJ∕mol

(4)
Oxidation reactions C + 0.5O2 ↔ CO ΔH − 111 kJ∕mol

(5)
Oxidation reactions C + O2 ↔ CO2 ΔH = +408.8 kJ∕mol

In general, a universal gasification reaction is as fol-
lows [37]:

The chemical formula of biomasses is CH�O� and � 
and � are hydrogen to carbon and oxygen to carbon ratios 
achieved from ultimate and proximate analyses presented 
in Table S.1 (available in the supplementary information 
file). � is the moisture content and � , � , and � are feeding 
steam, oxygen, and air to the gasifier reactor. The amount 
of � is zero in oxygen and air gasifying agents, the amount 
of � is zero in the steam gasifying agent and equal to � in 
oxygen and air gasifying agents, and the amount of � is 
zero in steam and oxygen gasifying agents. �i is mole of 
synthesis gas produced per 1 mol of biomass. Obtaining 
the synthesis gas contents is the main question.

Four molar balance relations are applied to achieve six 
unknowns �i as follows:

As mentioned, Eqs. (1–11) happen through the gasifi-
cation process which their equilibrium constants can be 
calculated. As regards the equilibrium constants which 
characterize the reaction’s extent, some main reactions can 
be selected because of their higher significant equilibrium 
constants. Two equilibrium reactions are water–gas shift 
(Eq. (7)) and methanation (Eq. (9)) reactions.

The equilibrium constants of these two equilibrium reac-
tions are defined as follows [38]:

(6)
Oxidation reactions CO + 0.5O2 ↔ CO2 ΔH = −283 kJ∕mol

(7)
Water − gas shift Reaction CO + H2O ↔ CO2 + H2 H = −41.2 kJ∕mol

(8)
Methanation Reaction 2CO + 2H2 ↔ CH4 + CO2 ΔH = −247 kJ∕mol

(9)Methanation Reaction CO + 3H2 ↔ CH4 + H2O ΔH = −206 kJ∕mol

(10)
Methanation Reaction CO2 + 4H ↔ CH4 + 2H2O ΔH = −165kJ∕mol

(11)
Reforming Reaction CH4 + H2O ↔ CO + 3H2 ΔH = +206 kJ∕mol

(12)

CH�O� + �H2O + �H2O + �O2 + 3.76�N2 → �
CO

CO

+ �
CO2

CO2 + �
CH4

CH4 + �
H2
H2 + �

H2O
H2O + �

N2
N2

(13)1 = �CO + �CO2
+ �CH4

Carbon balance

(14)
� + 2� + 2� = 4�CH4

+ 2� H2
+ 2�H2O

Hydrogen balance

(15)
� + � + � + � = � CO + 2� CO2

+ 2� H2O
Oxygen balance

(16)3.76 � = � N2
Nitrogen balance
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where KWGS and KMTN  are equilibrium constants of 
water–gas shift and methanation reactions, respectively. Pi 
and xi are partial pressure and molar fraction of synthesis 
gas species, and �t is the sum of �i . Also, the equilibrium 
constant is a function of temperature and can be expressed 
as follows [38]:

where ΔGo
T
 , ΔHo

T
 , and ΔSo

T
 are the Gibbs free energy, 

enthalpy, and entropy at standard state, respectively. Rm and 
T are universal gas constant and temperature. Equations (21) 
and (22) are achieved by substituting Eqs. (19) and (20) in 
Eqs. (17) and (18):

In this way, the six unknown molar contents are found.
The energy balance equation for the gasification process 

versus three considered gasifying agents is expressed as fol-
lows [39]:

(17)KWGS =
PCH4(
PH2

)2 =
�CH4(
�H2

)2 × �t

(18)KMTN =
PCO2

× PH2

PH2O
× PCO

=
�CO2

× �H2

�H2O
× �CO

(19)K = exp

(
−

ΔGo
T

Rm × T

)

(20)ΔGo
T
= ΔHo

T
− T × ΔSo

T

(21)KWGS =
xCH4�
xH2

�2 × �t = exp

⎛
⎜⎜⎜⎝
−

�
ΔGo

T ,CH4

− 2ΔGo
T ,H2

�

Rm × T

⎞⎟⎟⎟⎠

(22)
KMTN =

xCO2
× xH2

xH2O
× xCO

= exp

⎛
⎜⎜⎜⎝
−

�
ΔGo

T ,CO2

+ ΔGo
T ,H2

− ΔGo
T ,H2O

− ΔGo
T ,CO

�

Rm × T

⎞⎟⎟⎟⎠

where Qin and Qout are input and output heat and h
◦

f
 is the for-

mation enthalpy. The enthalpy difference between the con-
sidered and reference states ( Δh

◦

T ,i
 ) can be expressed as [40]:

The amounts of A, B, C, and D are presented in Table S.2 
(available in the supplementary information file).

The proposed unit can be evaluated from exergy perspec-
tive by applying the thermodynamic second law. This law is 
expressed in Eq. (25) at steady state condition and by neglect-
ing the difference in kinetic and potential exergies [41, 42]:

where EW and Ed are the power and destruction exergies and 
E is the total flow exergy as follows:

The standard chemical exergy of species ( exch,0
i

 ) is pre-
sented in the literature [43, 44].

Exergy of input biomass ( EBiomass ) can be defined as [45]:

(23)

−◦

h f ,Biomass + �

(
−◦

h f ,H2O
+ hvap

)
+ �

(
−◦

h f ,H2O
+△

−◦

h T ,H2O

)

+ Qin = �CO

(
−◦

h f ,CO +△
−◦

h T ,CO

)
+ �CO2

(
−◦

h f ,CO2
+△

−◦

h T ,CO2

)

+ �CO2

(
−◦

h f ,CO2
+△

−◦

h T ,CO2

)
+ �CO2

(
−◦

h f ,CO2
+△

−◦

h T ,CO2

)

+ �CO2

(
−◦

h f ,CO2
+△

−◦

h T ,CO2

)
+ �CO2

(
−◦

h f ,CO2
+△

−◦

h T ,CO2

)
+ Qout

(24)ΔhT = ∫
T

T0

(
A + BT + CT2 + DT3

)
dT

(25)
∑
j

(
1 − (

T0

Tj
)

)
Qj − EW +

∑
j

Eout −
∑
i

Ein = Ed

(26)

E =
∑
i

ni

((
hi − h0

)
− T0

(
si − s0

)
+
(
ex

ch,0

i
+ Rm × T0 × ln

(
xi
)))

(27)EBiomass = nBiomass ×
1.0414 +

(
0.0177 ×

(
H

C

))
−
((

0.3328 ×
(

O

C

))
×
(
1 +

(
0.0537 ×

(
H

C

))))

1 −
(
0.4021 ×

(
O

C

)) × LHVBiomass
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The main efficiencies including energy ( �en ), chemical ( �ch ), 
exergy ( �ex ), and hydrogen ( �H2

 ) efficiencies are considered in 
this study as follows:

It is noteworthy to mention that the system modeling is 
conducted in EES (Engineering Equation Solver) software.

3 � Multi‑criteria decision analysis 
and optimization methods

In this study, the best biomass type for each gasifying 
medium is first identified using a systematic multi-criteria 
decision analysis based on a technique for order prefer-
ences by similarity to ideal solution (TOPSIS) method. 
There are twenty alternatives which are biomass types 
and nine criteria for each multi-criteria decision problem. 
Sensitivity analysis is performed by changing the weights 
of considered criteria. The best alternative, i.e., biomass 
type, is selected after sensitivity analysis. Afterward, an 
optimization procedure based on the response surface 
methodology is implemented to multi-objective optimize 
the performance of the best biomass type gasification for 
each gasifying medium. Later, a systematic multi-criteria 
decision analysis is again conducted to select the best bio-
mass type/gasifying medium combination in its optimum 
performance state. The theoretical details of TOPSIS and 
response surface methodology are briefly presented in the 
following subsections.

3.1 � TOPSIS method

The TOPSIS method is one of the most applicable tech-
niques for alternative ranking in multi-criteria decision 
problems, which is based on distances from the ideal and 
the non-ideal solutions. The best alternative should have 
the shortest distance from the ideal solution and the longest 
distance from the non-ideal solution [46]. This method can 
be briefly explained as follows [47, 48].

(28)�en =
LHV of combustable gases

Input energy to unit
× 100

(29)�ex =
Exergy of synthesis gases

Input exergy to plant
× 100

(30)�ch =
Chemical exergy of synthesis gases

Input exergy to plant
× 100

(31)�H2
=

LHV of hydrogen content

Input energy to unit
× 100

Steps of the TOPSIS method begin with normalization of 
the decision matrix as follows:

where Xij indicates the performance value of the ith alterna-
tive versus the jth criterion and Nij is the related normal-
ized index. n and m are the numbers of criteria and alter-
natives contributing to the multi-criteria decision problem, 
respectively.

The normalized decision matrix is weighted as follows:

where �j is the weight of the jth criterion and Wij is the 
weighted normalized index.

Ideal solutions are maximum Wij in larger-is-better cri-
terion and minimum Wij in smaller-is-better criterion. Non-
ideal solutions are minimum and maximum Wij in larger-is-
better and smaller-is-better criteria, respectively.

The best alternative should be near to ideal solutions 
and far from non-ideal solutions. Distances of each alter-
native from ideal and non-ideal solutions are as follows, 
respectively:

where D+
j
 and D−

j
 are distances from ideal and non-ideal 

solutions, respectively. W+
i

 and W−
i

 are ideal and non-ideal 
solutions, respectively.

The closeness coefficient ( � ) for each alternative is cal-
culated as follows:

The higher the closeness coefficient is, the better the 
ranking is. TOPSIS software was employed for performing 
TOPSIS analysis.

3.2 � Response surface methodology

The design of the experiment method has a high potential for 
optimization and response surface methodology is one of the 
most applicable techniques, especially in the fields of energy. 
This technique, due to regulating diversity as the leading 

(32)Nij =
Xij�∑m

i=1

∑n

j=1
Xij

2

(33)Wij = Nij × �j

(34)D+
j
=

√√√√ n∑
i=1

(Wij −W+
i
)
2

(35)D−
j
=

√√√√ n∑
i=1

(Wij −W−
i
)2

(36)� =
D−

j

D+
j
+ D−

j
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cause of poor quality, guarantees a continuous enhancement 
[49–51]. Response surface methodology has several valu-
able tools and analyses; however, in this study, the optimiza-
tion approach of this technique is utilized based on the aims 
defined in the present research work. All the statistical and 
optimization analyses of response surface methodology are 
implemented in Minitab software.

4 � Results and discussion

4.1 � Model validation

The synthesis gas production by this study is compared 
with an experimental study by Loha et al. [52] and a mod-
eling study by Loha et al. [53] and also compared with an 
experimental study by Jayah et al. [54] and a modeling 

study by Jarungthammachote et al. [55] for result valida-
tion presented in Fig. 1. These comparisons indicate that 
the present study has a good agreement with Loha et al. 
experimental study [52] and Loha et al. modeling study 
[53] and also with the Jayah et al. experimental study [54] 
and Jarungthammachote et al. modeling study [55]. It is 
noteworthy to mention that the root mean square of the 
modeling is as low as 1.434 compared to the experimen-
tal results of Loha et al. [52] and 1.370 compared to the 
experimental study of Jayah et al. [54].

4.2 � Multi‑criteria decision problem

Twenty types of biomass were considered as alterna-
tives, including apricot stone, beech wood, cedar wood, 
coffee husk, corn cob, cotton stem, grapevine pruning 
waste, holm oak, jute stick, legume straw, olive refuse, 

Fig. 1   Validation of the biomass 
gasification process
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peach stone, pine sawdust, rice straw, spruce wood pellet, 
sugarcane bagasse, sunflower shell, switchgrass, wheat 
straw, and wood sawdust. Syngas composition and four 

efficiencies were considered as criteria, including hydro-
gen, carbon monoxide, carbon dioxide, methane, and 
nitrogen concentration and energy, chemical, exergy, and 

Table 1   Decision matrix for 
biomass gasification in presence 
of the air gasifying medium

Alternative Criteria

H2 CO CO2 CH4 N2 �
en

�
ch

�
ex

�
H2

Apricot stone 19.88 25.64 10.46 1.08 42.94 69.50 50.80 54.92 25.98
Beech wood 21.43 27.79 7.440 1.28 42.07 77.11 59.76 64.02 28.55
Cedar wood 20.05 30.00 6.030 1.13 42.79 79.51 63.25 67.60 27.20
Coffee husk 19.39 24.23 12.19 1.01 43.18 70.41 48.92 53.20 26.85
Corn cob 18.57 23.76 13.06 0.93 43.69 77.57 56.42 61.59 29.27
Cotton stem 21.91 26.01 8.900 1.32 41.87 89.98 72.69 78.16 34.94
Grapevine pruning waste 20.31 28.04 7.820 1.15 42.68 77.51 60.42 64.83 27.80
Holm oak 18.90 29.69 7.000 1.00 43.40 77.86 60.59 64.94 25.97
Jute stick 20.77 29.69 5.920 1.22 42.41 82.33 66.70 71.24 28.87
Legume straw 19.80 24.58 11.56 1.06 43.00 67.76 48.42 52.55 25.89
Olive refuse 15.78 18.95 19.43 0.64 45.2 51.72 31.75 35.78 20.47
Peach stone 21.28 27.77 7.570 1.26 42.12 81.81 62.85 67.36 30.19
Pine sawdust 22.31 28.64 6.070 1.40 41.59 81.24 64.87 69.23 30.13
Rice straw 16.32 25.64 12.52 0.73 44.80 67.77 46.92 51.16 22.82
Spruce wood pellet 21.53 25.99 9.200 1.27 42.01 76.96 56.83 61.16 29.65
Sugarcane bagasse 21.26 23.78 11.58 1.21 42.18 76.67 54.31 58.91 30.84
Sunflower shell 21.90 26.41 8.570 1.32 41.81 78.22 58.46 62.79 30.10
Switchgrass 22.85 22.37 12.08 1.38 41.32 81.71 56.49 61.37 34.99
Wheat straw 20.34 28.68 7.15 1.16 42.68 82.50 66.78 71.54 29.21
Wood sawdust 21.64 27.29 7.79 1.30 41.98 94.27 77.68 83.28 35.42

Table 2   Decision matrix for 
biomass gasification in presence 
of the oxygen gasifying medium

Alternative Criteria

H2 CO CO2 CH4 N2 �
en

�
ch

�
ex

�
H2

Apricot stone 33.43 44.20 19.47 2.90  −  68.80 46.44 49.05 24.40
Beech wood 35.42 47.24 13.97 3.36  −  76.29 55.18 57.85 26.67
Cedar wood 33.52 51.81 11.59 3.08  −  78.72 58.89 61.54 25.42
Coffee husk 31.88 44.35 21.14 2.63  −  70.02 45.96 48.64 24.27
Corn cob 30.83 43.78 22.96 1.44  −  77.14 52.55 55.76 26.52
Cotton stem 35.56 45.66 15.43 3.35  −  89.25 67.62 71.03 31.87
Grapevine pruning waste 33.94 48.22 14.76 3.09  −  76.72 55.74 58.47 26.02
Holm oak 31.74 52.51 13.00 2.76  −  77.2 56.73 59.36 24.08
Jute stick 34.48 50.91 11.35 3.26  −  81.48 61.95 64.72 26.94
Legume straw 33.25 42.67 21.25 2.83  −  67.12 44.21 46.21 24.23
Olive refuse 27.08 35.66 35.52 1.74  −  51.48 28.93 31.53 18.79
Peach stone 34.51 49.36 12.90 3.23  −  81.22 59.48 62.26 27.36
Pine sawdust 36.51 48.40 11.46 3.62  −  80.35 60.18 62.90 28.04
Rice straw 27.26 48.83 21.95 1.96  −  67.56 44.58 47.14 20.37
Spruce wood pellet 34.97 45.91 15.89 3.23  −  76.37 53.36 56.08 27.00
Sugarcane bagasse 34.33 43.14 19.49 3.04  −  76.23 51.23 54.13 27.72
Sunflower shell 35.47 46.41 14.78 3.35  −  77.60 54.94 57.37 27.43
Switchgrass 36.01 41.35 19.33 3.31  −  81.38 54.27 57.38 30.89
Wheat straw 33.96 49.35 13.57 3.12  −  81.66 61.59 64.51 27.32
Wood sawdust 34.88 48.83 13.00 3.29  −  93.63 73.36 76.80 31.90
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hydrogen efficiencies. Decision matrixes for gasification in 
the presence of air, oxygen, and steam gasifying mediums 
are presented in Tables 1, 2, and 3, respectively.

Table 1 indicates that the most hydrogen production is 
in the case of switchgrass gasification in the presence of an 
air gasifying medium, which is 22.85%. Cedar wood gasi-
fication leads to the highest carbon monoxide production 
(30.00%); however, the most minor carbon dioxide produc-
tion is in the case of jute stick gasification (5.92%). Accord-
ing to the results, the most methane production is in the case 
of pine sawdust gasification, which is 1.40%. The lowest 
nitrogen production belongs to switchgrass gasification, and 
the highest efficiencies are obtained in wood sawdust gasifi-
cation. Therefore, choosing the best biomass for gasification 
in the presence of an air gasifying medium is a challenging 
issue and needs a multi-criteria decision analysis.

Table 2 reveals that in the case of the oxygen gasifying 
medium, the highest hydrogen production belongs to pine 
sawdust gasification, which is 36.51%. Holm oak gasification 
produces the highest carbon monoxide content, and the highest 
methane productions are in the case of pine sawdust gasifica-
tion, which are 52.51% and 3.62%, respectively. Gasification 
of jute stick leads to the lowest carbon dioxide production, 
which is 11.35%. The highest efficiencies are obtained in the 
gasification of wood sawdust in the presence of oxygen as the 
gasifying medium. Since selecting the best biomass type in the 

presence of the oxygen gasifying medium is very challenging, 
there is a need for systematic multi-criteria decision analysis.

The most challenging decision-making problem 
belongs to gasification in the presence of a steam gasify-
ing medium. Table 3 shows that pine sawdust gasification 
produces the highest hydrogen content, which is 47.74%. 
However, the highest carbon monoxide and the lowest 
carbon dioxide productions belong to the gasification of 
holm oak and cedar wood, respectively. According to the 
results, the gasification of pine sawdust leads to the high-
est methane content which is 6.62%. The results reveal 
that the highest chemical and exergy efficiencies are in 
the case of jute stick gasification, which are 88.30% and 
91.36%, respectively. However, the gasification of pine 
sawdust and wood sawdust leads to the highest energy and 
hydrogen efficiencies, respectively. Similar to the other 
two cases, biomass gasification in the case of the steam 
gasifying medium needs a systematic multi-criteria deci-
sion analysis to select the best biomass type according to 
nine considered criteria.

4.3 � Multi‑criteria decision‑making on the best 
biomass types

The alternative rankings for all three cases of air, oxygen, 
and steam gasifying mediums were conducted using the 

Table 3   Decision matrix for 
biomass gasification in presence 
of the steam gasifying medium

Alternative Criteria

H2 CO CO2 CH4 N2 �
en

�
ch

�
ex

�
H2

Apricot stone 43.67 39.61 11.70 5.01  −  77.71 72.59 76.03 38.72
Beech wood 46.46 43.51 3.94 6.08  −  80.62 82.48 85.58 43.38
Cedar wood 45.76 48.10 0.03 6.11  −  81.42 87.46 90.50 43.75
Coffee husk 42.15 37.19 16.17 4.48  −  75.78 68.81 72.59 38.84
Corn cob 40.96 36.73 18.13 4.18  −  74.85 69.97 74.05 42.63
Cotton stem 46.15 39.56 8.56 5.73  −  79.19 81.26 84.77 51.09
Grapevine pruning waste 45.36 44.18 4.69 5.77  −  80.15 82.24 85.39 43.27
Holm oak 44.38 48.30 1.64 5.67  −  80.67 85.61 88.66 42.49
Jute stick 46.45 47.19 0.07 6.29  −  81.59 88.30 91.36 45.70
Legume straw 42.85 37.39 15.09 4.67  −  76.41 68.58 72.23 37.51
Olive refuse 32.38 26.96 38.47 2.20  −  64.12 45.10 50.56 24.91
Peach stone 46.28 43.31 4.40 6.01  −  80.39 83.57 86.75 46.02
Pine sawdust 47.74 45.06 0.58 6.62  −  81.80 87.19 90.22 45.80
Rice straw 39.80 42.38 13.65 4.17  −  76.12 72.70 76.27 36.96
Spruce wood pellet 45.67 39.64 9.11 5.59  −  78.90 76.87 80.24 43.39
Sugarcane bagasse 43.77 35.77 16.31 4.77  −  76.01 69.01 73.00 42.49
Sunflower shell 46.31 40.33 7.54 5.83  −  79.53 78.80 82.09 44.25
Switchgrass 43.91 31.16 20.42 4.052  −  74.23 64.26 68.63 44.25
Wheat straw 45.63 45.79 2.64 5.94  −  80.75 85.95 89.07 45.91
Wood sawdust 46.50 42.17 5.32 6.01  −  80.17 86.11 89.47 53.44
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TOPSIS method based on considered criteria. In the first 
state, the alternative ranking was implemented using equal 
weights for nine criteria, which was almost 0.11. In other 
states, as a sensitivity analysis, the alternatives were ranked 
by changing the criteria weights. All states are presented in 
Table S.3 (available in the supplementary information file).

As mentioned previously, state 1 demonstrates a situation 
in which all considered criteria have equal weights. State 2 is 
a situation with a priority on hydrogen production, and state 
3 is defined for problems in which pollution issues are essen-
tial and emission of carbon dioxide is a significant criterion. 
State 4 is a situation with a priority of carbon dioxide and 
nitrogen productions in the case of the air gasifying medium 
and with a priority of production of gases with heating value 
in the cases of oxygen and steam gasifying mediums. State 
5 is considered for decision-making problems in which effi-
ciencies are more critical compared to syngas composition.

Table 4 shows the alternative ranking results for the first 
states. The results reveal that wood sawdust is the best bio-
mass type for gasification in the cases of air and oxygen gasi-
fying mediums in the first state. In this state, jute stick is the 
best alternative for gasification in the presence of steam as 
the gasifying medium. According to the results, cotton stem 
has the second rank for air and oxygen gasifying mediums, 
while pine sawdust stands in this rank for steam gasifying 
medium. In all three cases, olive refuse has the last rank.

The results of the sensitivity analysis on criteria weights 
are presented in Table 5. The results reveal that in the case of 
the air gasifying medium, wood sawdust has the first rank in 
states 1, 2, and 5, and in the other two cases, pine sawdust is 
in the first rank. Therefore, wood sawdust and pine sawdust 
are selected as the biomass types for air gasifying mediums. 
According to the results, wood sawdust is in the first rank 
in all states for the oxygen gasifying medium. Cotton stem 

Table 4   Alternative ranking in 
the state of equal weights for 
considered criteria

Biomass Air Oxygen Steam

ξ Rank ξ Rank ξ Rank

Apricot stone 0.542 15 0.547 15 0.676 13
Beech wood 0.732 8 0.732 8 0.872 7
Cedar wood 0.752 7 0.766 7 0.927 3
Coffee husk 0.469 18 0.502 16 0.568 17
Corn cob 0.495 16 0.470 18 0.529 18
Cotton stem 0.826 2 0.846 2 0.782 11
Grapevine pruning waste 0.708 10 0.714 10 0.853 9
Holm oak 0.689 11 0.710 11 0.897 5
Jute stick 0.807 4 0.816 3 0.942 1
Legume straw 0.487 17 0.493 17 0.592 15
Olive refuse 0.000 20 0.047 20 0.000 20
Peach stone 0.769 6 0.787 6 0.872 6
Pine sawdust 0.818 3 0.815 4 0.940 2
Rice straw 0.391 19 0.427 19 0.620 14
Spruce wood pellet 0.672 12 0.691 12 0.753 12
Sugarcane bagasse 0.578 14 0.612 14 0.575 16
Sunflower shell 0.710 9 0.725 9 0.793 10
Switchgrass 0.613 13 0.665 13 0.471 19
Wheat straw 0.783 5 0.792 5 0.907 4
Wood sawdust 0.889 1 0.920 1 0.864 8

Table 5   Results of sensitivity 
analysis to select the best 
biomass types

Medium Rank State 1 State 2 State 3 State 4 State 5

Air 1 Wood sawdust Wood sawdust Pine sawdust Pine sawdust Wood sawdust
2 Cotton stem Pine sawdust Wood sawdust Wood sawdust Cotton stem

Oxygen 1 Wood sawdust Wood sawdust Wood sawdust Wood sawdust Wood sawdust
2 Cotton stem Cotton stem Jute stick Pine sawdust Cotton stem

Steam 1 Jute stick Pine sawdust Jute stick Jute stick Jute stick
2 Pine sawdust Jute stick Pine sawdust Pine sawdust Pine sawdust
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stands in the second rank of gasification using oxygen gasi-
fying medium in states 1, 2, and 5. Hence, wood sawdust and 
cotton stem are chosen as the best alternative for gasification 
in the case of the oxygen gasifying medium. Table 5 indi-
cates that jute sawdust is the biomass type for steam gasifi-
cation in almost all cases, and pine sawdust gets the second 
rank. Therefore, jute stick and pine sawdust are selected as 
the best alternative for the steam gasifying medium.

4.4 � Optimization of the performance of the best 
biomass type

In the previous section, two biomass types were selected as 
the best alternatives for each gasifying medium. Therefore, 
there are six conditions to be optimized, including coupled 
biomass types/gasifying mediums:

	 (i)	 Air/wood sawdust
	 (ii)	 Air/pine sawdust
	 (iii)	 Oxygen/wood sawdust
	 (iv)	 Oxygen/cotton stem
	 (v)	 Steam/jute stick
	 (vi)	 Steam/pine sawdust

Response surface methodology was employed for multi-
objective optimization of the performance of each condition 
based on considered criteria. In this regard, the design of 
trials was implemented using the central composite design 
tool of response surface methodology considering gasifier 
temperature and moisture content of the biomass as process-
ing parameters and is presented in Table S.4 (available in the 
supplementary information file).

The output results of these thirteen trials for each condi-
tion are presented in Table S.5 (available in the supplemen-
tary information file).

The multi-objective optimization was implemented using 
the response optimizer tool of the response surface meth-
odology, and the results are presented in Fig. 2. The results 
showed that the multi-objective optimum condition for air/
wood sawdust state is gasifier temperature of 813.83 °C and 
moisture content of biomass of 19.85%. These conditions for 
all cases are as follows:

	 (i)	 Air/wood sawdust: gasifier temperature of 813.83 °C 
and moisture content of biomass of 19.85%

	 (ii)	 Air/pine sawdust: gasifier temperature of 825.41 °C 
and moisture content of biomass of 15.11%

Fig. 2   Multi-objective optimum 
conditions for different cases of 
gasifying medium/biomass type
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Table 6   Performance of the best 
biomass type gasification for 
different gasifying mediums

Case H2 CO CO2 CH4 N2 �
en

�
ch

�
ex

�
H2

Air/wood sawdust 23.60 24.75 9.62 1.11 40.93 94.91 71.95 78.33 40.02
Air/pine sawdust 24.89 25.24 8.54 1.12 40.20 81.97 59.64 64.79 35.23
Oxygen/wood sawdust 31.80 44.04 22.33 1.83 0 77.89 51.62 55.28 27.85
Oxygen/cotton stem 36.87 45.59 14.98 2.56 0 90.21 66.79 70.68 33.87
Steam/jute stick 45.65 41.04 6.73 6.56 0 79.92 84.26 87.48 49.96
Steam/pine sawdust 46.96 40.35 4.99 7.70 0 80.91 83.11 86.03 44.61
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	 (iii)	 Oxygen/wood sawdust: gasifier temperature of 
818.00  °C and moisture content of biomass of 
12.88%

	 (iv)	 Oxygen/cotton stem: gasifier temperature of 
817.54  °C and moisture content of biomass of 
11.76%

	 (v)	 Steam/jute stick: gasifier temperature of 760.81 °C 
and moisture content of biomass of 5.61%

	 (vi)	 Steam/pine sawdust: gasifier temperature of 
750.88 °C and moisture content of biomass of 6.16%

4.5 � Multi‑criteria decision‑making on the best 
gasifying medium/biomass type case

In this step, the performance of the six cases is assessed 
in their optimum condition, and a systematic multi-criteria 
decision analysis is performed to select the best gasifying 
medium/biomass type case. Table 6 presents the perfor-
mance of all six cases at their optimum conditions.

Results of the multi-criteria decision analysis on the best 
gasifying medium/biomass type case are presented in Fig. 3.

The sensitivity analysis was conducted on the alternative 
ranking based on the criteria weights considered in Table S.3 
(available in the supplementary information file). Figure 3 
shows that the combination of steam/pine sawdust as gasify-
ing medium/biomass type is the best choice for gasification in 
all considered states. The combination of steam/jute stick has 
the second rank in all states considered as Table S.3 (avail-
able in the supplementary information file). Therefore, steam 
gasification with pine sawdust biomass is the best alternative 
for gasification based on the criteria considered in this study.

4.6 � Performance assessment of the best gasifying 
medium/biomass type gasification

Figure 4 indicates the effect of temperature and moisture on the 
synthesis gas composition and energy, chemical, exergy, and 
hydrogen efficiencies. As Fig. 4a shows, the hydrogen percent-
age is improved from 43.58 to 46.68% and then is dropped 
to 46.18% by raising the temperature. Increasing gasification 
temperature raised carbon monoxide and reduced the carbon 
dioxide and methane percentages in gas composition. These 

Fig. 3   Multi-criteria decision analysis on the best gasifying medium/biomass type case
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phenomena appear because the gasification temperature affects 
the equilibrium reactions. Figure 4b illustrates that raising tem-
perature decreases the energy, chemical, and exergy efficien-
cies while it enhances the hydrogen efficiency to 44.68% and 
then drops it. The reason for the hydrogen efficiency trend is 
referred to the hydrogen content in synthesis gas. The energy 
efficiency is reduced from 77.74 to 73.27%, the chemical effi-
ciency is decreased from 70.81 to 58.32%, and exergy effi-
ciency is dropped from 73.62 to 64.06%. These are because 
of an increment in input energy to the system. The effects of 
moisture on the synthesis gas composition are investigated in 
Fig. 4c. Hydrogen, carbon monoxide, and methane produc-
tion are raised by increasing the moisture content. In contrast, 
the carbon dioxide production is reduced. This phenomenon 
influenced the efficiencies. As shown in Fig. 4d, all efficiencies 

(energy, chemical, exergy, and hydrogen) are decreased with 
raising the moisture content because the combustible gases 
are produced with lower value at high moisture content. The 
hydrogen efficiency is almost constant at the moisture content 
of 5–15%, and then, is reduced with a high trend.

5 � Conclusions

In this investigation, the aim was to develop a comprehen-
sive and systematic study considering simultaneously vari-
ous biomass types and gasifying mediums in the biomass 
gasification process. A systematic multi-criteria decision 
analysis and a sensitivity study were conducted to choose 
the best biomass type/gasifying medium combination 
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considering nine different criteria. Firstly, the best biomass 
types were selected for each gasifying medium using the 
TOPSIS method. The primary outcomes can be concluded 
as follows:

•	 Wood sawdust and pine sawdust were the best biomass 
for gasification with an air gasifying medium.

•	 Wood sawdust and cotton stem were the best alternatives 
in the case of the oxygen gasifying medium, and jute 
stick and pine sawdust were the best biomass for gasifi-
cation in the presence of steam as the gasifying medium.

•	 The findings revealed that the steam/pine sawdust case 
was the best combination for gasification with the best 
syngas compositions having desirable energy, chemical, 
exergy, and hydrogen efficiencies.

•	 A gasification temperature of 750.88 °C and a moisture 
content of 6.16% were the optimal gasification condition 
for steam/pine sawdust gasification.

•	 Steam/pine sawdust gasification had energy and exergy 
efficiencies of 80.91% and 86.03%, respectively.

•	 Chemical and hydrogen efficiencies were 83.11% and 
44.61%, respectively, for steam/pine sawdust gasification.

•	 More hydrogen and carbon monoxide and less methane 
were attained at higher temperatures.

•	 Increasing moisture content declined hydrogen, carbon 
monoxide, and methane.

•	 Energy and exergy efficiencies were decreased with 
temperature and moisture content in steam/pine sawdust 
gasification.
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