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Abstract
Gasification is one of the efficient upcycling technologies to treat the biomasses and convert them from a low-value product 
to a high-value and hydrogen rich syngas. Gasification performances of the indigenous biomasses of West Azerbaijan prov-
ince of Iran are comprehensively investigated in this study based on thermodynamic modeling. Wheat straw, chickpea straw, 
sunflower seed shell, and lentil straw were collected from the farms of West Azerbaijan province. They were finely chopped, 
and the CHNS test was conducted to identify their chemical formula. The gasification process of these indigenous biomasses 
of West Azerbaijan province is modeled. Chickpea straw gasification resulted in higher cold gas efficiency (ηc), lower carbon 
dioxide emission and higher syngas lower heating value  (LHVs). As a consequence, multi-criteria decision analysis revealed 
that chickpea straw biomass ranked the first between the indigenous biomasses of West Azerbaijan province. Parametric 
study indicated that increasing gasification temperature and reducing steam to biomass ratio improved ηc and  LHVs. Also, 
the carbon dioxide emission was mitigated by increasing gasification temperature and reducing steam to biomass ratio. The 
multi-objective optimization showed that the optimum ηc of 48.5%, the carbon dioxide emission of 19.3 g/mol and  LHVs of 
411 kJ/mol were achieved at gasification temperature of 1000 °C and steam to biomass ratio of 1.
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Nomenclature 

hsteam   Enthalpy of steam (J/kg.K)
G   Standard total Gibbs free energy (J)
LHVbiomass   Biomass lower heating value (J/mol)
LHVs   Syngas lower heating value (J/mol)
Qin   Required heat for gasification process (W)
nbiomass   Mole numbers of the biomass entering the 

gasifier (mol)

�i   Molar number of the ith syngas component 
(mol)

�c   Cold gas efficiency (%)
�CO2

   Mass of carbon dioxide (g)
�CO2

   Carbon dioxide emission (g/mol)
C  Carbon
G  Total Gibbs free energy (J)
H  Hydrogen
N  Nitrogen
O  Oxygen
R  Universal gas constant (J/mol.K)
S  Sulfur
T  Temperature (°C)
�   Biomass moisture content (mol)
�   Feeding steam (mol)
�   Lagrangian multipliers
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1 Introduction

In recent years, researchers have shown an increased interest 
in gasification process for upcycling solid waste and biomass. 
Biomass is upcycled by gasification process and converted 
into a hydrogen rich syngas. This process needs a gasifying 
agent carrying oxygen such as air and steam. Recently, con-
siderable literature has grown up around biomass gasification 
[1, 2]. Yan et al. [3] proposed a three-dimensional model for 
steam gasification of biomass using a granular kinetic the-
ory in a dual fluidized bed gasifier. The sensitivity analysis 
showed that the order of the parameters on cold gas efficiency 
was flow rate of biomass followed by steam/biomass ratio and 
gasification temperature, respectively. Kartal and Özveren [4] 
conducted an Aspen HYSYS simulation on gasification of 
livestock and agricultural wastes. They analyzed the influ-
ences of steam/biomass ratio and gasification temperature on 
components of syngas and indicated that the optimum hydro-
gen concentration was optimized for a specific gasification 
temperature. Singh and Tirkey [5] modeled gasification of 
waste poultry litter pellets with air agent and evaluated higher 
heating value of syngas, mole fraction of hydrogen, and cold 
gas efficiency with respect to moisture content of biomass, 
gasification temperature, and equivalence ratio. Their results 
showed that all parameters significantly affected the outputs. 
Puig-Gamero et al. [6] simulated air gasification of pine and 
eucalyptus biomasses in Aspen Plus for a bubbling fluidized 
bed gasifier and assessed the influences of equivalence ratio 
and gasification temperature on the system performance. 
Dang et al. [7] developed a kinetic-based model for gasifica-
tion of wood residue in Aspen Plus and evaluated the influ-
ences of process parameters. They illuminated that syngas 
hydrogen concentration was enhanced at higher gasification 
temperatures, higher steam/biomass ratio, lower equivalence 
ratio, and lower moisture content. Steam gasification of soft-
wood pellet was modeled by Aghaalikhani et al. [8] using 
Aspen Plus. They analyzed the composition of syngas against 
gasification temperature and showed that the yield of hydro-
gen was improved, carbon monoxide was declined, methane 
was mitigated, and carbon dioxide was increased with tem-
perature. Vecten et al. [9] analyzed the steam gasification of 
wood pellets and its char in a microwave-induced plasma gasi-
fier and showed that increasing gasifier temperature increased 
hydrogen concentration in the syngas. Cao et al. [10] devel-
oped a kinetic model for gasification of pine sawdust using 
a composite air/steam agent. They analyzed the system per-
formance with respect to processing parameters. Increasing 
gasifier temperature enhanced hydrogen content of syngas, 
improved gas yield amount, increased cold gas efficiency and 
enhanced higher heating value of syngas. Ismail et al. [11] 
proposed a detailed study theoretically and experimentally 
on gasification of peach stone and miscanthus in a fluidized 

bed gasifier. The results of their study conveyed that lower 
gasification temperature was favorable from concentration of 
hydrogen and carbon monoxide viewpoint. Zaman and Ghosh 
[12] developed a model for biomass gasification in Aspen 
Plus by steam agent for several biomass types. They employed 
response surface methodology for analyzing the system per-
formance considering gasifier temperature and steam/biomass 
ratio. Lower steam/biomass ratio was favorable for cold gas 
efficiency gasifier temperature while the influence of steam/
biomass ratio was more predominant. Ozbas et al. [13] pre-
dicted hydrogen production in gasification of olive pits using 
machine learning algorithms. They employed four different 
machine learning techniques and concluded that linear regres-
sion algorithm predicted hydrogen production with R2 value 
of 0.999 followed by support vector machine regression with 
R2 value of 0.997. Vikram et al. [14] modeled gasification of 
wood residue using a composite agent of steam-carbon diox-
ide in Aspen Plus. They studied the influence of gasifier agent 
composition on the gasification performance from pure steam 
to pure carbon dioxide. Increasing concentration of carbon 
dioxide in steam-carbon dioxide agent resulted in improving 
higher heating value of syngas and declining hydrogen/carbon 
monoxide ratio.

Pollution is a major environmental problem, and the main 
cause is using fossil fuels. Developing novel clean technolo-
gies to tackle this issue is of interest nowadays. Upcycling 
biomasses employing gasification technology is growing fast 
becoming a key solution to produce a hydrogen rich syngas 
efficiently. A search of the literature revealed no studies on 
the gasification performance of the indigenous biomasses of 
West Azerbaijan province in Iran. In addition, no research 
has been found that surveyed the gasification of chickpea 
straw and lentil straw. Therefore, the novelties and contribu-
tions of the present research work could be considered as the 
following goals: developing gasification of the indigenous 
biomasses of West Azerbaijan province in Iran, addressing 
gasification of chickpea straw and lentil straw biomasses 
for the first time, a systematic comparison analysis between 
gasification performances of the indigenous biomasses of 
West Azerbaijan province, multi-criteria decision analysis 
on gasification of the indigenous biomasses of West Azerbai-
jan province to select the best biomass type, multi-objective 
optimization of the best biomass gasification.

In the following, the gasification process is modeled and 
the gasification of the indigenous biomasses of West Azer-
baijan province is developed employing their ultimate analy-
ses using the CHNS test. A comprehensive systematic com-
parison analysis is conducted on gasification performances 
of these biomasses with respect to syngas composition and 
gasification indicators of lower heating value of syngas, cold 
gas efficiency, and carbon dioxide emission. Multi-attributed 
decision analysis is conducted using TOPSIS approach to 



14667Biomass Conversion and Biorefinery (2024) 14:14665–14678 

1 3

select the best indigenous biomass of West Azerbaijan prov-
ince for steam gasification. Multi-objective optimization of 
this best gasification is performed employing response sur-
face methodology.

2  Materials and methodology

In this study, gasification performance of indigenous bio-
masses of West Azerbaijan province is evaluated. In this 
regard, steam is considered as the gasifying agent because 
a steam gasification results in a hydrogen-rich syngas and 
steam gasification is modeled as follows. Taking place 
gasification reaction between the gasifying agent and the 
feedstock leads to a syngas containing components with 
valuable heating value of hydrogen, carbon monoxide, 
and methane and emits some contents of carbon dioxide. 
External heating elements are considered as the heating 
source of the process.

These assumptions have been considered in the modeling 
procedure [15, 16]:

• The gasifier has been considered insulated, and the heat 
loss has been considered negligible.
• 298.15 K of temperature and 101.3 kPa of pressure have 
been considered as ambient conditions.
• Tar formation has been considered negligible.
• Gases have been considered as ideal gas.
• Kinetic and potential energy changes have been con-
sidered negligible.

Wheat straw, chickpea straw, sunflower seed shell, and lentil 
straw are considered as feedstocks for steam gasification pro-
cess. These biomasses are the main agricultural biomasses of 
West Azerbaijan province and were collected from the farms 
of West Azerbaijan province in Iran. They were finely chopped, 
and Fig. 1 shows the biomasses prepared for ultimate analysis.

A CHNS testing devise, LECO Corporation model 932, 
USA, was used for ultimate analysis. The results are pre-
sented in Table 1.

The reaction of steam gasification is considered as [17]:

where in the reactant side, CHx1Ox2Nx3Sx4 indicates the 
chemical formula of the biomass obtained from CHNS 
analysis, xi is the molar ratio of the ith element to the car-
bon. The chemical formula of the indigenous biomasses of 
West Azerbaijan province is presented in Table 2. � is the 
biomass moisture content, and � is the feeding steam which 
is the gasifying agent. In the product side, �i denotes the 
molar number of the ith syngas component and obtaining 
its value is the aim of gasification modeling. In this regard, 
Lagrange of undetermined multipliers is coupled with Gibbs 
free energy minimization method to develop a gasification 
modeling in this study.

G (the total Gibbs free energy) is defined as [18]:

where G denotes the standard G, R and T are universal gas 
constant and temperature and �i indicates the molar flow.

(1)
CHx1Ox2Nx3Sx4 + �H2O + �H2O → �1H2 + �2CH4 + �3CO + �4CO2 + �5H2O

(2)G =

n
∑

i=1

�i

(

ΔGi + RTln

(

�i∕
∑

�i

))

Fig. 1  Indigenous biomasses of 
West Azerbaijan province

Wheat straw Chickpea straw

Sunflower seed shell Lentil straw
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Conserving the gasification process of biomass is 
achieved as follows [19]:

where �i,e indicates the  ith element total atom number.
� (Lagrangian multipliers) is as follows [20]:

G is minimized using � as follows [20]:

Coupling these methods result in the following equa-
tions to obtain the molar number of the syngas compo-
nents [20]:

(3)�e =

n
∑

i=1

�i�i,e

(4)� = G +

E
∑

r=1

�r

(

�e −

C
∑

i=1

�i�i,e

)

(5)
(

��

��i

)

= 0

(6)ΔGH2
+ RT ln

�

�1
∑

�i

�

+ 2�H = 0

(7)ΔGCH4
+ RT ln

�

�2
∑

�i

�

+ �C + 4�H = 0

(8)ΔGCO + RT ln

�

�3
∑

�i

�

+ �C + �O = 0

(9)ΔGH2O
+ RT ln

�

�4
∑

�i

�

+ 2�H + �O = 0

Syngas composition, lower heating value of syngas 
( LHVs ), cold gas efficiency ( �c ), and carbon dioxide emis-
sion ( �CO2

 ) are considered as the performance indicators 
to study the gasification performance of indigenous bio-
masses of West Azerbaijan province and to conduct the 
comparison analysis.

�c is defined as follows [21]:

where LHVi is the lower heating value of ith syngas com-
ponent. nbiomass denotes the mole numbers of the biomass 
entering the gasifier and LHVbiomass indicates the biomass 
lower heating value. nsteam is the mole numbers of the steam 
entering the gasifier as the agent, hsteam is the enthalpy of 
the steam, and Qin is the required heat for the gasification 
process.

LHVs is calculated as [22]:

�CO2
 is measured as [21]:

where �CO2
 is the mass of carbon dioxide produced through 

the gasification process.
The heating value of biomass is a characteristic required 

for biomass gasification process. This value can be esti-
mated using different models. In this study, four models 
based on the ultimate analysis are considered presented 
in Table 3.

The heating value of biomass is calculated based on the 
models considered and a mean value of these four models 
is utilized in the gasification modeling.

The gasification of indigenous biomasses of West Azer-
baijan province is modeled in the Engineering Equation 
Solver (EES) software.

(10)ΔGCO2
+ RT ln

�

�5
∑

�i

�

+ �C + 2�O = 0

(11)�c =
(�1 × LHVH2

) + (�2 × LHVCH4
) + (�3 × LHVCO)

(

nbiomass × LHVbiomass

)

+
(

nsteam × hsteam

)

+ Qin

(12)

LHVs =
(�1 × LHVH2

) + (�2 × LHVCH4
) + (�3 × LHVCO)

nbiomass

(13)�CO2
=

�CO2

nbiomass

Table 1  Results of CHNS test

* Oxygen content is calculated by difference

Feedstock C H O* N S

Wheat straw 37.79 ± 0.06 4.294 ± 0.023 57.059 ± 0.092 0.665 ± 0.007 0.192 ± 0.002
Chickpea straw 37.79 ± 0.12 4.547 ± 0.036 56.772 ± 0.127 0.755 ± 0.009 0.136 ± 0.003
Sunflower seed shell 29.47 ± 0.10 2.907 ± 0.011 66.724 ± 0.109 0.604 ± 0.011 0.295 ± 0.003
Lentil straw 36.70 ± 0.09 4.481 ± 0.007 57.316 ± 0.119 1.322 ± 0.009 0.181 ± 0.005

Table 2  Chemical formula of indigenous biomasses of West Azerbaijan 
province

Biomass Chemical formula

Wheat straw CH1.364O1.132N0.01508S0.001905

Chickpea straw CH1.444O1.127N0.01712S0.00135

Sunflower seed shell CH1.184O1.698N0.01757S0.003754

Lentil straw CH1.465O1.171N0.03088S0.001849
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3  Results and discussion

Firstly, the validation of the model is performed by com-
paring the syngas composition predicted by the model 
developed in this study with the results available for bio-
mass gasification. Afterwards, an evaluation study is per-
formed on the syngas composition, lower heating value 
of syngas, cold gas efficiency and carbon dioxide emis-
sion by considering gasification temperature and steam to 
biomass ratio as the gasifying processing conditions. The 
performances of the best indigenous biomasses of West 
Azerbaijan province are discussed and multi-objectively 
optimized in detail.

3.1  Model validation

Figure 2 compares the syngas composition of a biomass 
gasification predicted by this model with the experimen-
tal results presented in [27] and the results of a model 

presented in [28]. Steam was considered as gasifying 
agent and olivine particle biomass was fed to the gasifier 
as the feedstock. The gasification conditions were set at 
gasification temperature of 770 °C, steam to biomass ratio 
of 1 and gasifier pressure 101 kPa of pressure. Compar-
ing the syngas composition results reveal a good agree-
ment between the results of the present model with the 
experimental results [27] with errors smaller than 7%. The 
model developed in the present study is also in line with 
the model developed in [28]. Therefore, the validity of the 
model presented in this study is confirmed for investiga-
tion of steam biomass gasification.

3.2  Evaluation of syngas composition

The syngas composition of biomass gasification is evaluated 
versus gasification temperature and steam to biomass ratio. 
Concentrations of hydrogen, carbon monoxide, methane, and 
carbon dioxide are studied with respect to processing condi-
tions and their changes are discussed in detail. A compari-
son is conducted between syngas composition of different 
biomasses.

3.2.1  Hydrogen

Figure 3 depicts the variations of hydrogen concentration 
versus temperature and steam to biomass ratio. Figure 3a 
shows that hydrogen concentration of syngas is reduced by 
increasing temperature, and this trend is valid for all bio-
masses. This decrement in hydrogen concentration is justi-
fied by water–gas shift reaction [29]:

(14)Water − gas shift CO2 + H2 ↔ CO + H2O ΔH
◦

= +41 kJ∕mol

Table 3  Models considered for estimating biomass heating value

Model Coefficient

C H O N Constant

Sheng and 
Azevedo [23]

0.3137 0.7009 0.0318 0.0318  − 1.3675

Thipkhunthod 
et al. [24]

0.4259  − 0.0698 0.1817  − 0.1805  − 2.2770

Yin [25] 0.2949 0.8250 0 0 0
Callejon-Ferre 

et al. [26]
0.5170  − 0.4330 0 0.0840  − 3.4400

Fig. 2  Model validation of 
steam biomass gasification 
with respect to mole fraction of 
syngas component

0

10

20

30

40

50

60

H2 CO CO2 CH4

)
%(

n
oit

art
n

e
c

n
o

c
r

al
o

M

[27] [28] This model



14670 Biomass Conversion and Biorefinery (2024) 14:14665–14678

1 3

This reaction is endothermic, and it is favorable at higher 
temperatures. Therefore, more hydrogen is consumed, and 
decrement of hydrogen concentration with temperature 
is logical. Mehrpooya et al. [30] also reported decreasing 
hydrogen concentration with temperature for gasification 
of rice husk, Larch wood, and wood chip. Gasification of 
raw pine wood at higher temperatures also resulted in lower 
hydrogen concentrations as reported by Vikram et al. [14].

A comparison between the performance of gasification 
of indigenous biomasses of West Azerbaijan province from 
hydrogen production viewpoint indicates that chickpea straw 
has the best performance. The CHNS test shows that chick-
pea straw biomass has the highest carbon and hydrogen ele-
ments. More carbon element is favorable for solid carbon 
conversion reaction. Although wheat straw biomass has 
the same carbon element as the chickpea straw biomass, its 
hydrogen element is lower, and it ranks the third from hydro-
gen production viewpoint. Lentil straw biomass has more 
hydrogen element compared with wheat straw biomass, and 
therefore, its performance in hydrogen production is better 
and ranks the second. Sunflower seed shell has the lowest 
carbon and hydrogen elements, and hence, its performance 
in hydrogen production is the last.

Figure 3b indicates that more hydrogen concentration 
is produced at higher steam to biomass ratios. Improv-
ing hydrogen concentration with steam to biomass ratio is 
justified by water–gas shift reaction (Eq. (14)). More H2O 
is available at higher steam to biomass ratios and the left 
side is favorable in this condition. Therefore, more hydro-
gen is produced. Increasing hydrogen concentration with 
steam to biomass ratio was also conveyed by AlNouss et al. 
[31] for steam gasification of coir pith and coir pith char. 
Higher steam to biomass ratio in steam gasification of raw 

empty fruit bunch also enhanced hydrogen concentration as 
reported by Yong and Rasid [32].

Performance assessment of the indigenous biomasses of 
West Azerbaijan province reveals that at all steam to biomass 
ratios, chickpea straw biomass produces more hydrogen con-
centration compared to other biomasses. Lentil straw and 
wheat straw are in the next ranks followed by sunflower seed 
shell which is in the last rank.

As a conclusion, improvement of hydrogen concentra-
tion in the syngas is obtained by decreasing temperature 
and increasing steam to biomass ratio for all indigenous 
biomasses of West Azerbaijan province. From hydrogen 
concentration in syngas viewpoint, gasification of chickpea 
straw biomass has the best performance. Lentil straw bio-
mass and wheat straw biomass gasification are in the second 
and the third ranks with respect to hydrogen production. 
Sunflower seed shell gasification is in the last rank.

3.2.2  Carbon monoxide

The variations of carbon monoxide concentration versus 
temperature and steam to biomass ratio are presented in 
Fig. 4. Figure 4a shows that increasing temperature signifi-
cantly enhances the carbon monoxide production, and this 
phenomenon is similar for all biomasses. This trend may be 
explained by water–gas shift reaction (Eq. (14)). The prod-
uct side is favorable at higher temperatures because it is 
an endothermic reaction. Therefore, more CO is achieved. 
This finding is consistent with that of Mehrpooya et al. [30] 
who performed gasification of rice husk and Larch wood and 
showed that CO concentration was improved by temperature. 
This also accords with the observations of Samimi et al. [33] 
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Fig. 3  Evaluation of hydrogen production versus a temperature and b steam to biomass ratio
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which showed that steam gasification of pinewood at higher 
steam to biomass ratio resulted in higher CO concentrations.

Comparing the performance of the indigenous biomasses 
of West Azerbaijan province shows that chickpea straw bio-
mass leads in more CO concentration compared to other bio-
masses. With a small difference, wheat straw is in the second 
rank. Lentil straw biomass produced lower CO concentrations 
than wheat straw. The CHNS results show that wheat straw 
biomass has more carbon element which participates in Boud-
ouard reaction, and therefore, more CO is achieved. Sunflower 
seed shell in the last rank from CO production viewpoint. This 
sequence is valid at all temperatures.

Figure 4b illuminates that increasing steam to biomass 
ratio mitigates the concentration of CO for all biomasses. The 
observed decline in CO concentration could be attributed to 
water–gas shift reaction (Eq. (14)). Increasing steam to bio-
mass ratio backs forwarded this reaction due to higher  H2O 
content. Therefore, CO production is mitigated. There are 
similarities between the behaviors of CO concentration with 
steam to biomass ratio in this study and those described by 
AlNouss et al. [31] for steam gasification of coir pith and coir 
pith char. Yong and Rasid [32] also reported similar observa-
tion, i.e., declining CO concentration with steam to biomass 
ratio, for steam gasification of raw empty fruit bunch biomass.

At all steam to biomass ratios, gasification of chickpea 
straw biomass results in the highest CO production. From 
this viewpoint, wheat straw and lentil straw gasification are 
in the next ranks and sunflower seed shell gasification is in 
the last rank.

Overall, higher CO production is achievable at higher 
temperatures and lower steam to biomass ratio for all 

indigenous biomasses of West Azerbaijan province. Chick-
pea straw gasification result in the maximum CO production.

3.2.3  Methane

Figure 5 presents the variations of methane production ver-
sus temperature and steam to biomass ratio. It is apparent 
from the results that the methane production is very low and 
almost negligible. However, since the heating value of meth-
ane is remarkable [34], its tiny variation is also important. 
Figure 5a indicates that the methane production is reduced 
by increasing temperature, and this behavior is similar for 
all indigenous biomasses of West Azerbaijan province. Fig-
ure 5b also shows that increasing steam to biomass ratio 
decreases methane production for all biomasses. A possible 
explanation for these results may be the methane reforming 
reaction [35]:

It is an endothermic reaction and is favorable at higher 
temperatures. Also, more  H2O available at higher steam to 
biomass ratio trigger this reaction. Therefore, both higher 
temperatures and higher steam to biomass ratios shift this 
reaction, and therefore, more methane is consumed, and its 
concentration is declined. In steam gasification of coir pith 
and coir pith char conducted by AlNouss et al. [31], declin-
ing methane concentration by temperature and steam to bio-
mass ratio was also reported. Decreasing the concentration 
of methane in this study also corroborates the earlier find-
ings of Yong and Rasid [32] for gasification of raw empty 
fruit bunch biomass.

(15)Methane reforming CH4 + H2O ↔ 3H2 + CO ΔH
◦

= +206 kJ∕mol
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The findings reveal that chickpea straw gasification offers 
the maximum methane production at all temperatures and 
steam to biomass ratios. Wheat straw gasification and lentil 
straw gasification are in the second and the third ranks with 
respect to methane production. According to the results, sun-
flower seed shell gasification produced almost no methane, 
and its concentration in syngas of this biomass gasification 
is almost zero.

3.2.4  Carbon dioxide

Figure 6 depicts the variations in carbon dioxide concen-
tration with respect to temperature and steam to biomass 
ratio. It is apparent from Fig. 6a that increasing tempera-
ture reduces carbon dioxide production, and this observa-
tion is valid for all indigenous biomasses of West Azerbai-
jan province. A possible reason for this declining trend is 
Boudouard reaction [36]:

Being an endothermic reaction results in favorable prod-
ucts at higher temperatures. Therefore, more carbon diox-
ide is consumed in Boudouard reaction by increasing tem-
perature, and its concentration is declined. This finding was 
also reported by Kartal and Özveren [4]. They showed that 
increasing temperature decreased carbon dioxide yield in 
gasification of 10 types of conventional biomass. This finding 
is also consistent with that of Tauqir et al. [37] who reported 
that steam gasification of hardwood chips at higher tempera-
tures produced low concentrations of carbon dioxide.

Comparing between the performance of the indig-
enous biomasses of West Azerbaijan province shows that 

(16)Boudouard C + CO2 ↔ 2CO ΔH
◦

= +172 kJ∕mol

chickpea straw biomass has the best performance with 
respect to carbon dioxide concentration. It produces the 
lowest levels of carbon dioxide yield. Lentil straw and 
wheat straw produces the same values of carbon diox-
ide at all temperatures. Gasification of sunflower seed 
shell is not favorable from carbon dioxide concentration 
viewpoint because it produces almost 60% higher carbon 
dioxide compared to chickpea straw.

Figure 6b indicates that increasing steam to biomass 
ratio increases carbon dioxide concentration for all 
indigenous biomasses of West Azerbaijan province. This 
observation is justified based on water–gas shift reaction 
(Eq. (14)). The left side is more favorable at higher steam 
to biomass ratios because more  H2O available for this 
direction. Therefore, more carbon dioxide is produced. 
In accordance with the present results, Dang et al. [7] 
demonstrated that steam gasification of wood residue at 
higher steam to biomass ratio resulted in higher carbon 
dioxide concentration. It is encouraging to compare this 
result with that found by Kartal and Özveren [4] who 
found that increasing steam to biomass ratio in gasifica-
tion of 10 types of biomass increased carbon dioxide 
concentration.

Comparing the performance of the indigenous bio-
masses of West Azerbaijan province in steam gasification 
with respect to carbon dioxide concentration versus steam 
to biomass ratio indicates that chickpea straw gasification 
produces the lowest concentrations of carbon dioxide. 
Wheat straw biomass has a slightly better performance 
compared to lentil straw at all steam to biomass ratios 
from carbon dioxide concentration viewpoint. Sunflower 
seed shell gasification results in the highest concentra-
tions of carbon dioxide.
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Fig. 5  Evaluation of methane production versus a temperature and b steam to biomass ratio
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3.3  Evaluation of cold gas efficiency and lower 
heating value of syngas

Figure 7 depicts the influence of temperature on cold gas 
efficiency and syngas lower heating value. What stands out 
in the results is the improvement of �c and LHVs by increas-
ing temperature. As the previous results lightened, increasing 
temperature reduces hydrogen and methane production and 
enhances carbon monoxide production. Enhancing carbon 
monoxide production overcomes the reduction of hydrogen 
and methane productions, and therefore, �c and LHVs are 
improved by increasing temperature. These findings were 
also reported by Zaman et al. [38] for gasification of rice husk 
and almond shell. They reported that increasing temperature 
enhanced cold gas efficiency and syngas lower heating value. 
Increasing cold gas efficiency with temperature was also 
reported by Khan et al. [39] for gasification of pine sawdust.

Comparing the gasification performance of the indigenous 
biomasses of West Azerbaijan province shows that chickpea 
straw gasification results in higher �c and LHVs at all temper-
atures. Lentil straw gasification offers syngas with more heat-
ing value compared to wheat straw gasification while the lat-
ter one results in higher cold gas efficiency. The lowest cold 
gas efficiencies and lower heating values of syngas belong to 
sunflower seed shell gasification at all temperatures.

Figure 8 shows the influence of steam to biomass ratio 
on �c and LHVs . The results indicate that cold gas efficiency 
is markedly reduced and lower heating value of syngas is 
slightly decreased by increasing steam to biomass ratio. 
Slight decrement of syngas lower heating value is due to 
decrement of carbon monoxide and methane production 
with steam to biomass ratio (see Fig. 4 and Fig. 5). Although 
hydrogen production is increased by increasing steam to 

biomass ratio (see Fig. 3), decrement of carbon monoxide 
and methane is predominant phenomenon, and therefore, 
lower heating value is reduced. Two factors could explain the 
significant reduction of cold gas efficiency. Firstly, reductions 
of carbon monoxide and methane are the possible explana-
tions for this decline. Secondly, more heat is required for gas-
ification at higher steam to biomass ratios, and therefore, cold 
gas efficiency is decreased based on Eq. (11). These findings 
were also reported by Zaman et al. [38]. They reported reduc-
tion of cold gas efficiency and syngas lower heating value 
versus steam to biomass ratio for gasification of rice husk 
and almond shell. These results reflect those of Khan et al. 
[39] who also found that increasing steam to biomass ratio 
decreased cold gas efficiency in gasification of pine sawdust.

Between the gasification of the indigenous biomasses of 
West Azerbaijan province, chickpea straw gasification pro-
vides the maximum �c and LHVs at all steam to biomass 
ratio. Wheat straw gasification is in the second rank from 
cold gas efficiency viewpoint while lentil straw gasification 
ranks the second with respect to lower heating value of syn-
gas. Sunflower seed shell gasification results in the lowest 
cold gas efficiencies and syngas lower heating values at all 
steam to biomass ratios.

3.4  Evaluation of carbon dioxide emission

Figure 9 depicts the influences of temperature and steam to 
biomass ratio on carbon dioxide emission. According to the 
results of Fig. 9a, increasing temperature mitigates the car-
bon dioxide emission due to shifting the Boudouard reaction 
(Eq. (16)). Figure 9b indicates that the carbon dioxide emission 
is increased by increasing steam to biomass ratio because of 
taking place of water–gas shift reaction (Eq. (14)). Chickpea 
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Fig. 6  Evaluation of carbon dioxide production versus a temperature and b steam to biomass ratio
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straw is the best indigenous biomass of West Azerbaijan prov-
ince with respect to carbon dioxide emission at all tempera-
tures and steam to biomass ratios. Wheat straw and lentil straw 
are in the next ranks from carbon dioxide emission viewpoint. 
Sunflower seed shell emits the highest carbon dioxide values.

3.5  Multi‑criteria decision analysis

In this section, a multi-criteria decision analysis is con-
ducted using TOPSIS technique to select the best indigenous 
biomass of West Azerbaijan province for steam gasification. 

Fig. 7  Evaluation of cold gas 
efficiency and lower heating 
values of syngas versus tem-
perature
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Wheat straw, chickpea straw, sunflower seed shell, and len-
til straw are considered as alternatives. Cold gas efficiency, 
lower heating value of syngas, and carbon dioxide emission 
are the criteria. The decision matrix is as Table 4. The results 
of the TOPSIS technique are presented in the last column. 
The results show that the chickpea straw gasification ranks 
the first by considering all the criteria among indigenous 
biomasses of West Azerbaijan province. Steam gasification 
of chickpea straw results in the higher cold gas efficiency of 
32%, more lower heating value of syngas of 402.4 kJ/mol 
and lower carbon dioxide emission of 29.27 g/mol compared 
to other biomasses. Therefore, it is subjected to a multi-
objective optimization procedure in the next section.

3.6  Multi‑objective optimization

In this section, steam gasification of chickpea straw as the 
best indigenous biomass of West Azerbaijan province is 
multi-objectively optimized using response surface method-
ology. Temperature in the range of 700–1000 °C and steam 
to biomass ratio ranging from 1 to 3 are the variable param-
eters. Figure 10 shows the single-objective optimization 
of chickpea straw steam gasification. The results indicate 

that there is a significant interaction between temperature 
and steam to biomass ratio on lower heating value of syn-
gas and carbon dioxide emission; however, the interaction 
between them on cold gas efficiency is not noticeable. Fig-
ure 10a indicates that the maximum cold gas efficiency is 
as high as 48.9% and is obtained at steam to biomass ratios 
smaller than 1.1 for all temperatures. Figure 10b shows that 
the maximum lower heating value of syngas is 411 kJ/mol at 
temperatures larger than 950 °C and steam to biomass ratios 
lower than 1.2. Figure 10c reveals that the minimum carbon 
dioxide emission is 19.5 g/mol at temperatures larger than 
975 °C and steam to biomass ratios smaller than 1.1.

Figure 11 shows the results of multi-objective optimiza-
tion of steam gasification of chickpea straw. The maximi-
zation of cold gas efficiency, the maximization of lower 
heating value of syngas and the minimization of carbon 
dioxide emission are defined as the targets. The results 
indicate that the highest level of temperature, i.e., 1000 °C, 
and the lowest level of steam to biomass ratio, i.e., 1, are 
the optimum conditions to achieve the maximum cold gas 
efficiency of 48.5%, the maximum lower heating value of 
syngas of 411 kJ/mol and the minimum carbon dioxide 
emission of 19.3 g/mol.
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Fig. 9  Evaluation of carbon dioxide emission versus a temperature and b steam to biomass ratio

Table 4  Decision matrix for 
selecting the best indigenous 
biomass of West Azerbaijan 
province

Alternative Criteria TOPSIS indicator Rank

�c(%) LHVs (kJ/mol) CO2 emission 
(g/mol)

Wheat straw 31.37 390.9 29.58 0.949 2
Chickpea straw 32.00 402.4 29.27 1.000 1
Sunflower seed shell 16.64 224.5 38.86 0.000 4
Lentil straw 30.96 393.6 29.83 0.940 3
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4  Conclusions

Gasification performance of indigenous biomasses of West 
Azerbaijan province was studied in details and the variations 
of syngas composition, cold gas efficiency, carbon dioxide 
emission, and lower heating value of syngas were evaluated 
versus temperature and steam to biomass ratio. Wheat straw, 
chickpea straw, sunflower seed shell, and lentil straw were 
considered as the feedstock for steam gasification. The main 
conclusions could be summarized as:

• Chickpea straw gasification produced syngas with 
higher hydrogen, methane, and carbon dioxide concen-

trations at all gasification temperatures and steam to bio-
mass ratios.
• Lentil straw had better performance than wheat straw 
in producing syngas with higher hydrogen concentration.
• Wheat straw gasification was better from lentil straw 
gasification from syngas with higher carbon monoxide 
and methane concentrations viewpoint.
• Gasification of chickpea straw resulted in the syngas 
with the minimum carbon dioxide concentration at all 
gasification temperatures and steam to biomass ratios.
• Sunflower seed shell gasification ranked the last 
between the indigenous biomasses of West Azerbaijan 
province with respect to all criteria.
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• Chickpea straw gasification led to the highest syngas 
heating value and cold gas efficiency.
• Gasification of wheat straw provided more cold gas 
efficiency compared with gasification of lentil straw while 
the latter one was better from lower heating value of syn-
gas viewpoint.
• Multi-criteria decision analysis confirmed that chickpea 
straw was the best alternative for steam gasification between 
the indigenous biomasses of West Azerbaijan province.
• Multi-objective optimization revealed that achieving an 
efficient and low-pollutant gasification is possible using 
the indigenous biomasses of West Azerbaijan province.

The reader should bear in mind that the study was based 
on thermodynamic modeling, and it is beyond the scope of 
this study to perform the experimental gasification of the 
indigenous biomasses of West Azerbaijan province. Since 
the performances of the chickpea straw and lentil straw were 
desirable, this is an important issue for future researches 

for more investigation of the gasification processes of these 
potential biomasses.
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