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Abstract
Co-gasification of biomass and plastic waste has a bright outlook and, in this regard, air and steam co-gasification of euca-
lyptus and polypropylene was investigated in this study. Various composition ratios of eucalyptus and polypropylene were 
considered and air and steam co-gasification performances have been analyzed with respect to polypropylene content, mois-
ture content of feedstock, and gasification temperature. Air- and steam-based system performances have been tri-objective 
optimized using central composite design to attain a clean and efficient gasification performance. The results confirmed that 
hydrogen production was improved by increasing polypropylene content based on water–gas reaction. The polypropylene 
concentration significantly affected the efficiencies of steam co-gasification. Increasing polypropylene concentration from 0 
to 100 wt% improved energy efficiency of steam co-gasification from 56 to 83%. Moisture content of 26 wt%, temperature of 
955 °C, and polypropylene concentration of 54 wt% were optimum conditions of air co-gasification. Steam co-gasification 
was optimized at moisture content of 30 wt%, temperature of 1000 °C, and polypropylene concentration of 100 wt%. At the 
optimum conditions, air co-gasification resulted in higher energy efficiency (81% compared with 77%) while steam co-gasifi-
cation led to higher hydrogen efficiency (50% compared with 42%) and lower CO2 emission (2.2 g/s compared with 9.4 g/s).
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1  Introduction

Gasification, as a thermochemical conversion, converts a 
feedstock into a combustible gas mixture [1]. The feedstock 
can be a worthless carbonaceous material and is converted 
into the syngas using a gasifying medium which should be 
an oxygen-carrier [2]. The syngas typically contains hydro-
gen, carbon monoxide, methane, carbon dioxide, steam, and 
nitrogen [3]. Gasification process has been well established 
for biomass and plastic wastes in the literature [4, 5].

Yong and Rasid [6] studied gasification of empty fruit 
bunch using air and steam gasifying mediums and evaluated 

the influence of gasification temperature, equivalence, and 
steam-to-biomass ratios on syngas composition. Their 
results showed that increasing equivalence ratio declined 
hydrogen generation and increased carbon monoxide gen-
eration. Awais et al. [7] studied a downdraft gasification 
of coconut shells and sugarcane bagasse and showed that 
equivalence ratio and biomass type significantly affected the 
gasification performance. Samimi et al. [8] assessed gasifica-
tion of three types of biomass consisting of horse manure, 
pinewood, and sawdust using three types of gasifying medi-
ums of steam, air, and steam/air mixture. Their comparison 
results demonstrated that steam gasification of pinewood 
had the best performance. Khalilarya et al. [9] investigated 
municipal solid waste gasification and showed that at low 
moisture content, hydrogen generation of steam gasification 
was larger than that of air and oxygen gasification types; 
however, oxygen gasification led to higher hydrogen genera-
tion than steam and air gasification types at high levels of 
moisture content. Mojaver et al. [10] investigated gasifica-
tion of various biomass types and showed that straw was the 
best biomass. Dang et al. [11] investigated air/steam wood 
residue gasification and their results revealed that higher 
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temperature, higher steam-to-biomass ratio, lower equiva-
lence ratio, and higher moisture resulted in higher hydrogen 
generation. Habibollahzade et al. [12] examined biomass 
gasification and concluded that steam gasification had better 
performance from efficiency viewpoints compared to other 
cases.

Recently, gasification process attracted the attentions of 
the researchers in the field of plastic waste. Bai et al. [13] 
studied various models of polypropylene gasification and 
used supercritical water as an agent to enhance gasification 
efficiency. Mojaver et al. [14] studied steam plastic waste 
gasification of various plastic types. Their results showed 
that hydrogen generations of polyethylene and polypropyl-
ene waste were improved more than polycarbonate and poly-
ethylene terephthalate waste with temperature. Hasanzadeh 
et al. [15] examined plastic gasification to study the influ-
ences of temperature and steam-to-plastic ratio on hydrogen 
generation. Their results showed that higher processing con-
ditions resulted in higher hydrogen generation and hydrogen 
and exergy efficiencies. Han et al. [16] studied air gasifica-
tion of mixed plastic waste. Their results showed that higher 
temperature and lower equivalence ratio enhanced hydrogen 
and CO generations. Janajreh et al. [17] examined gasifica-
tion performance of plastic waste and their results indicated 
that gasification efficiencies were 63%, 73%, and 59% for 
polypropylene, polystyrene, and polyethylene, respectively, 
and this value was improved to 89% in the case of their 
mixture. Wang et al. [18] studied polypropylene gasification 
and compared performances of catalytic and non-catalytic 
gasification types from syngas composition and efficiency 
viewpoints. They revealed that catalytic polypropylene gasi-
fication enhanced hydrogen generation compared with non-
catalytic type.

Nowadays, biomass and plastic waste co-gasification is 
among the hot topics for scientific purposes. Li et al. [19] 
investigated polyethylene and pine wood co-gasification 
assisted by CO2 and evaluated the influence of pretreatment 
of biomass on co-gasification performance. Supercritical 
water co-gasification of soda lignin with four plastic waste 
kinds was analyzed by Cao et al. [20]. Their results showed 
a synergistic effect of soda lignin with plastic wastes. Zhu 
et al. [21] evaluated co-gasification of beech wood and poly-
ethylene and studied effect of altering biomass/plastic ratio 
on co-gasification performance. Basha et al. [22] investi-
gated co-gasification of oil palm kernel shell with polysty-
rene in an air gasifier and studied influences of gasification 
temperature and polystyrene content on syngas composition. 
Burra and Gupta [23] examined a pinewood/plastic waste 
steam co-gasification and concluded that co-gasification of 
biomass/plastic resulted in higher syngas yield compared 
with their mono-gasification processes. Du et al. [24] devel-
oped a numerical modeling for co-gasification of coal and 
polyethylene terephthalate and indicated that increasing inlet 

gas velocity reduced hydrogen and CO2 generations and 
enlarged CO generation. Bian et al. [25] investigated super-
critical water lignite coal/plastic waste co-gasification and 
their findings revealed that carbon conversion and gasifica-
tion efficiencies were improved by increasing plastic content.

Although gasification performances of different biomass 
and plastic waste types have been well established, co-gas-
ification of biomass/plastic waste needs more studies. The 
studies on co-gasification of biomass and polypropylene are 
limited and investigating co-gasification of eucalyptus and 
polypropylene was not observed in the literature. Eucalyp-
tus had the best performance among thirteen different bio-
mass types in gasification process according to our previous 
study [10] and polypropylene is one of the most predominant 
plastic waste types in the world [26], and therefore, their 
mixture has been considered in this study. The literature 
review showed that co-gasification of biomass and plastic 
waste improves their mono-gasification performances and a 
synergistic effect takes place. Therefore, the co-gasification 
of eucalyptus and polypropylene waste could be a benefi-
cial process to achieve a clean and efficient gasification. A 
comparison analysis has been implemented between air 
and steam co-gasification of eucalyptus and polypropylene 
waste which endows another novelty aspect to this study. 
Tri-objective optimization of co-gasification of eucalyptus 
and polypropylene waste using central composite design to 
achieve a clean and efficient gasification is also one of the 
main novelties and contributions of this study.

2 � Theoretical procedure

2.1 � Gasification modeling

In this study, air and steam co-gasification of eucalyptus and 
polypropylene waste has been investigated and its schematic 
is presented in Fig. 1. Eucalyptus and polypropylene waste 
are mixed at specific weight ratio and fed to the gasifier 
reactor as feedstock and reacted with gasifying agent which 
is air or steam.

Air and steam gasification reactions are as [27]:

where CHxOy indicates chemical composition of feedstock, 
x denotes hydrogen-to-carbon ratio, and y indicates oxygen-
to-carbon ratio; � and � are moles of air and steam fed to the 
gasifier reactor as gasifying agents, � denotes moisture of 
feedstock, and yi is the mole number of syngas component. 
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These mole numbers of components are unknown and should 
be calculated for evaluating gasification performance. There 
are different approaches in this regard. This study utilizes a 
minimization of Gibbs free energy coupled with Lagrange 
of undetermined multipliers in which its details have been 
well presented in the literature [14, 15, 28].

G, the total Gibbs free energy, is defined as [14]:

where yi is the molar flow, G is the standard G, R is the uni-
versal gas constant, and T is the temperature. The following 
equations conserve the elements [14]:

where pe is ith element total atom number.

(3)G =

n
∑

i=1

yi

(

ΔGi + RTln
(

yi∕
∑

yi

))

(4)pe =

n
∑

i=1

yipi,e

λ, as the Lagrangian multiplier, is defined as [15]:

For minimization of G [28]:

Therefore, mole numbers of components are found.
Neglecting potential and kinetic energies variations, 

considering 25 °C of temperature and 101 kPa of pressure 
for environmental conditions, considering ideal gas and 
neglecting reactor design, considering equilibrium state 
and neglecting tar amount, considering dimensionless 
gasifier reactor, and neglecting heat loss are the assump-
tions considered in the modeling.

(5)� = G +

E
∑

r=1

�r

(
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C
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)
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Fig. 1   Schematic of co-
gasification of eucalyptus and 
polypropylene waste
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For evaluating co-gasification performance of eucalyptus 
and polypropylene waste, hydrogen and energy efficiencies 
are calculated as follows [29]:

where �h and �e are hydrogen and energy efficiencies, respec-
tively, � is energy, �in is input energy, and �H2

 , �CO , and �CH4
 

are energies of hydrogen, carbon monoxide, and methane in 
syngas. �i is calculated as follows [29]:

where �i is HHV (high heating value) and can be calculated 
based on proximate and ultimate analyses as follows [30]:

Table 1 shows ultimate and proximate analyses for euca-
lyptus and polypropylene waste considered for co-gasifica-
tion in this study.

2.2 � Central composite design

This is a group of statistical and mathematical procedures 
valuable for modeling, analysis, and optimization of engi-
neering problems in which response outputs are affected by 
several input variables [32–34]. Consider the response out-
put (y) as a function of input variables ( xi ) as follows:

where � denotes error representing all possible errors in 
response output including experimental and measurement 
errors and any kind of deviations which are not considered 
in f. y is typically considered a first- or second-order model 
as [35, 36]:
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Minitab software version 20 has been utilized in this 
study for performing the analysis of the central composite 
design method. For this purpose, moisture content of feed-
stock, gasifier temperature, and polypropylene waste concen-
tration in the feedstock are considered the variable factors. 
Moisture content is considered in the range of 0–30 wt%, 
gasifier temperature is set on 700–1000 °C, and polypro-
pylene waste concentration is changed from 0 to 100 wt%. 
Hydrogen and energy efficiencies and carbon dioxide emis-
sion are considered the response variables. Based on the 
considered variable factors, 21 runs are conducted to study 
and optimize the process. The maximization of the hydrogen 
and energy efficiencies and the minimization of the carbon 
dioxide emission are considered the goals.

3 � Results and discussion

3.1 � Modeling validation

Four comparisons are conducted to validate the gasification 
performances modeled in this study consisting of air and 
steam gasification of biomass and air and steam gasifica-
tion of plastic waste. The results are presented in Fig. 2. 
Figure 2a shows comparison analysis of syngas composi-
tion for air gasification of rubber wood at gasification tem-
perature of 827 °C (as conducted in experiments) between 
experimental results reported by Jayah et al. [37], modeling 
results presented by Jarungthammachote and Dutta [38], and 
modeling results presented in this study. The results proved 
that the syngas composition of the present model agrees well 
with both experimental [37] and theoretical [38] results, 
and therefore, its validity is confirmed. Figure 2b indicates 
syngas compositions of the present model compared with 
results of Rapagnà et al. [39] and modeling results presented 
by Karmakar et al. [40] for steam gasification of olivine 
particle at 770 °C of temperature and 101 kPa of pressure. 
The results reveal that the syngas compositions predicted 
by the present model are in line with both experimental [39] 
and theoretical [40] results in the same conditions. Hence, 
the model developed for steam gasification of biomass is 
verified. Figure 2c shows comparison analysis of syngas 
composition in air gasification of a mixture plastic waste 
between the model presented in this study and experimental 
results reported by Cho et al. [41] at 803 °C of temperature 
and 101.3 kPa of pressure. The results show an appropriate 

Table 1   Proximate and ultimate 
analyses of eucalyptus and 
polypropylene waste

Feedstock Proximate analysis (%) Ultimate analysis (%) Ref

Moisture Combustible Ash C H O N

Eucalyptus 8.90 84.45 6.65 48.2 6.2 38.3  < 0.2 [31]
Polypropylene waste 0 100 0 85.56 13.85 0.59 0 [18]

where �
0
 is constant term, �

1
 and �

2
 are linear terms, �

11
 and 

�
22

 are square terms, and �
12

 is interaction term.
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agreement between the syngas composition obtained by the 
model presented in this study and those reported in [41]. 
Hence, the present model for air gasification of plastic waste 
is verified. Figure 2d indicates syngas composition compara-
tive analysis for steam gasification of polypropylene waste 
at 800 °C of temperature and 101.3 kPa of pressure. The 
comparison was conducted between the results of the pre-
sent model with experimental results of [42] and theoretical 
findings of [43]. The results demonstrate a good agreement 
between the present model with experimental [42] and theo-
retical [43] results.

Therefore, validity of all gasification types consisting of 
air and steam biomass gasification and plastic waste gasifica-
tion is confirmed.

In the following, firstly, the influences of moisture content 
of feedstock, gasification temperature, and polypropylene 
waste content are studied as the key features on co-gasi-
fication performances. In this regard, syngas composition 
and efficiencies are considered criteria. Afterward, central 

composite design is utilized for single- and tri-objective opti-
mization of co-gasification of eucalyptus and polypropylene 
waste with respect to hydrogen and energy efficiencies and 
CO2 emission criteria. For studying the effect of each key 
feature on co-gasification performance, other parameters are 
set on their middle level.

3.2 � Co‑gasification assessment

Figure 3 indicates the influences of moisture content of feed-
stock on co-gasification performance of eucalyptus and poly-
propylene waste with a weight fraction of 50/50. Figure 3a 
reveals that by increasing moisture content of feedstock in 
air co-gasification of eucalyptus and polypropylene waste, 
hydrogen generation is improved, carbon monoxide genera-
tion is reduced, and carbon dioxide generation is increased 
while methane generation is negligible. Hydrogen generation 
is enhanced from 22.86 to 27.06%, carbon monoxide genera-
tion is decreased from 25.65 to 18.9%, and carbon dioxide 
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generation is increased from 2.22 to 7.48% by increasing 
moisture content from 0 to 30 wt%. These observations are 
justified using water–gas shift reaction as follows [44]:

(14)CO + H
2
O ↔ CO

2
+ H

2
Water − gasshif t

The results show that hydrogen generation does not change 
markedly by altering moisture content and only slightly 
decreased from 66.25 to 65.49% by increasing moisture 
content from 0 to 30 wt%. CO generation was augmented 
from 24.13 to 26.85% and carbon dioxide generation 
was reduced from 9.59 to 7.62% by increasing moisture 
content from 0 to 30 wt%. Methane generation in steam 
co-gasification of eucalyptus and polypropylene waste is 
insignificant. Similar observations were reported for steam 
gasification of four types of plastic waste [14].

Figure 4a shows effects of gasification temperature on 
syngas composition in co-gasification of eucalyptus and 
polypropylene waste with a weight fraction of 50/50. The 
results demonstrated that hydrogen efficiency does not 
change noticeably with gasification temperature while 
carbon monoxide generation is increased from 20.32 to 
23.44% and carbon dioxide generation is reduced from 
6.31 to 3.95% by increasing gasification temperature from 
700 to 1000 °C. According to the results of Fig. 4b, similar 
trends are occurred for steam co-gasification of eucalyptus 
and polypropylene waste with a weight fraction of 50/50. 
Carbon monoxide generation is increased from 21.52 to 
28.17% and carbon dioxide generation is mitigated from 
11.62 to 6.64% by increasing gasification temperature 
from 700 to 1000 °C while hydrogen generation remains 
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Fig. 3   Effects of moisture content on syngas composition in co-gasi-
fication of eucalyptus and polypropylene waste (50/50 wt%): a air co-
gasification and b steam co-gasification
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Fig. 4   Effects of temperature on syngas composition in co-gasifica-
tion of eucalyptus and polypropylene waste (50/50 wt%): a air co-gas-
ification and b steam co-gasification

Higher H2O content is available for co-gasification pro-
cess in higher moisture content, and therefore, based on 
water–gas shift reaction, more CO reacts with H2O and more 
CO2 and hydrogen are produced.

Comparing these results with those reported in the litera-
ture confirms the validity of these trends as Xie et al. [45] 
informed similar observations for air gasification of sew-
age sludge and concluded that increasing moisture content 
of sewage sludge enlarged hydrogen and CO2 generations 
and decreased CO generation. Jahromi et al. [46] observed 
similar tendencies in gasification of sugarcane bagasse and 
reported that hydrogen generation was enhanced, carbon 
dioxide generation was increased, and carbon monoxide 
generation was reduced by increasing moisture content from 
1 to 20% which are in agreement with the observations of 
this study.

Figure 3b indicates the influences of moisture content 
of feedstock on co-gasification performance of eucalyptus 
and polypropylene waste with a weight fraction of 50/50. 
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constant at about 65%. These trends are verified using 
Boudouard reaction as follows [47]:

Boudouard reaction is an endothermic reaction and is 
shifted to the production side in higher temperatures, and 
therefore, CO2 is converted to CO. Therefore, increasing CO 
generation and decreasing CO2 generation in higher tempera-
tures are verified.

Jahromi et al. [46] reported similar observations for gasifi-
cation of sugarcane bagasse and detected that carbon monox-
ide generation is increased and carbon dioxide generation is 
decreased with rise of gasification temperature. Mojaver et al. 
[28] showed that carbon monoxide generation is increased and 
carbon dioxide generation is reduced for gasification of four 
different types of plastic waste and six various biomass kinds. 
Saebea et al. [43] reported decreasing behavior of carbon 
dioxide generation and increasing trend of carbon monoxide 
generation for steam gasification of polyethylene waste. Simi-
lar trends have been reported for steam gasification of beech 
chips [48], air/steam gasification of wood residue [11], and 
air, steam, and oxygen municipal solid waste gasification [9]. 
Therefore, the tendencies of syngas composition versus tem-
perature in this study are verified compared to the literature.

It is noteworthy to mention that CH4 generation in co-gasi-
fication of eucalyptus and polypropylene waste with a weight 
fraction of 50/50 is negligible; however, its insignificant con-
tent tends to zero by increasing gasification temperature.

Figure 5 shows effects of polypropylene waste content 
on syngas composition of co-gasification of eucalyptus and 
polypropylene waste from 0 to 100 wt%. It is noteworthy to 
mention that 0 wt% of polypropylene waste indicates mono-
gasification of eucalyptus and 100 wt% of polypropylene waste 
denotes mono-gasification of polypropylene waste. Figure 5a 
indicates that air mono-gasification of eucalyptus results in 
hydrogen generation of 22.34% and air mono-gasification 
of polypropylene waste produces 26.18% of hydrogen. An 
improving behavior was observed in air co-gasification of 
eucalyptus and polypropylene waste and 23.65%, 24.57%, 
25.25%, and 25.77% of hydrogen generation are obtained in 
polypropylene waste content of 20, 40, 60, and 80 wt%, respec-
tively. Adding polypropylene waste content does not change 
carbon monoxide generation while evidently decreased car-
bon dioxide generation from 9.13 to 3.03% by adding poly-
propylene content from 0 to 100 wt%. Improving hydrogen 
generation by addition of polypropylene waste content can be 
justified by water–gas reaction as follows [49]:

Polypropylene waste has noticeably more carbon content 
compared with eucalyptus (85.56% compared with 48.2%), 
and therefore, carbon content of feedstock is increased 

(15)C + CO
2
→ 2CO Boudouard

(16)C + H
2
O → CO + H

2
Water − gas

by addition of polypropylene waste content. Hence, more 
hydrogen is produced in water–gas reaction.

Decreasing carbon dioxide generation by increasing poly-
propylene waste content can be justified using Boudouard 
reaction because more carbon dioxide reacts with more car-
bon content of feedstock and its generation is reduced.

Figure 5b demonstrates that increasing polypropylene 
waste content from 0 to 100 wt% markedly improves hydro-
gen generation from 61.79 to 66.6%, enhances carbon mon-
oxide generation from 21.3 to 30.35%, and mitigates carbon 
dioxide generation from 16.9 to 2.52%. These trends are 
verified using water–gas and Boudouard reactions.

Figure 6 indicates effects of variable parameters on effi-
ciencies of co-gasification of eucalyptus and polypropylene 
waste. Figure 6a shows effects of moisture content of feed-
stock on efficiencies of air and steam co-gasification of euca-
lyptus and polypropylene waste and shows that H2 efficien-
cies of co-gasification are boosted by increasing moisture 
content. These improvements are from 34.94 to 44.76% and 
from 39.34 to 46.08%, respectively. Steam co-gasification 
results in higher hydrogen efficiency compared with air co-
gasification at all moisture contents. Energy efficiency in air 
co-gasification remains constant because hydrogen content 
is increased and carbon monoxide content is decreased (see 
Fig. 3a) and these changes neutralize each other. Energy effi-
ciency of steam co-gasification is improved markedly from 
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56.03 to 68.13%. It is important to note that air co-gasifica-
tion leads to higher energy efficiency compared with steam 
co-gasification. Figure 6b indicates effects of gasification 
temperature on efficiencies of air and steam co-gasification 
of eucalyptus and polypropylene waste. Higher temperatures 
lead to slight improvement of hydrogen efficiency followed 
by its minor decrement. The hydrogen efficiency of air co-
gasification is enhanced from 39.68 to 40.36% and, then, is 
decreased to 38.25%. This enhancing trend is from 41.85 
to 42.79%, and then, the decreasing behavior is to 41.24% 
in steam co-gasification. According to the results, energy 
efficiency of air co-gasification is slightly improved from 
79.79 to 81.09% while this improvement is from 61.10 to 
61.94% in steam co-gasification by increasing gasification 

temperature. The findings reveal that hydrogen efficiency 
of steam co-gasification is higher compared with air co-
gasification; however, air co-gasification results in higher 
energy efficiency. Figure 6c shows effects of polypropylene 
waste content on efficiencies of co-gasification of eucalyptus 
and polypropylene waste. Increasing polypropylene waste 
content from 0 to 100 wt% improved hydrogen efficiency 
from 37.4 to 39.89% in air co-gasification and from 40.08 to 
53.71% in steam co-gasification. Energy efficiency of air co-
gasification is slightly reduced from 81.7 to 78.82% and that 
of steam co-gasification is dramatically improved from 56.13 
to 82.73%. Steam co-gasification leads to higher hydrogen 
efficiency while energy efficiency of air co-gasification is 
higher especially at lower polypropylene waste contents.

3.3 � Central composite design analysis

Figure 7 shows single-objective optimization results for effi-
ciencies and carbon dioxide emission in air co-gasification 
of eucalyptus and polypropylene waste. Figure 7a indicates 
that the maximum hydrogen efficiency is almost 45% at 
moisture contents higher than 26 wt% and temperatures 
lower than 800 °C. Figure 7b demonstrates that the maxi-
mum hydrogen efficiency is reached at moisture contents 
higher than 27 wt% and polypropylene waste contents higher 
than 20 wt% and this optimum hydrogen efficiency equals 
44%. Figure 7c demonstrates that the maximum energy effi-
ciency equals 40% and is gained at temperatures lower than 
800 °C and polypropylene waste contents between 30 and 70 
wt%. According to Fig. 7d, the maximum energy efficiency 
is almost 81% and is attained at simultaneous maximum val-
ues of moisture content and temperatures. Figure 7e reveals 
that the ideal energy efficiency is 82% and is obtained at 
moisture contents higher than 20 wt% and polypropylene 
waste contents lower than 10 wt%. Figure 7f shows that 
temperatures higher than 900 °C and polypropylene waste 
contents lower than 10 wt% result in the maximum energy 
efficiency of 82%. Figure 7g indicates that the minimum car-
bon dioxide emission is 4 g/s and is reached at temperatures 
higher than 800 °C and moisture contents lower than 5 wt%. 
The optimum carbon dioxide emission is reached at moisture 
contents lower than 5 wt% and polypropylene waste contents 
higher than 60 wt% and equals almost 3 g/s, as the results of 
Fig. 7h show. Figure 7i indicates that the minimum carbon 
dioxide emission is reached at simultaneous maximum val-
ues of polypropylene waste content and temperature and this 
optimum carbon dioxide emission is almost 5 g/s.

Figure 8 depicts the results of single-objective optimiza-
tion analysis for efficiencies and carbon dioxide emission 
in steam co-gasification of eucalyptus and polypropylene 
waste. Figure 8a reveals that the maximum H2 efficiency 
is reached at moisture contents higher than 25 wt% for all 
gasification temperatures and equals 45%. According to the 
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polypropylene waste versus a moisture content, b temperature, and c 
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results of Fig. 8b, simultaneous maximum levels of polypro-
pylene waste and steam contents result in the maximum H2 
efficiency equals to 48%. Figure 8c shows that polypropylene 
waste contents higher than 80 wt% at all gasification temper-
atures lead to the maximum hydrogen efficiency about 46%. 
Figure 8d demonstrates that moisture contents higher than 
28% at all gasification temperatures result in the maximum 
energy efficiency of 67%. The maximum energy efficiency, 
equals 75%, is reached at simultaneous maximum levels of 
polypropylene waste and moisture contents, as the results of 
Fig. 8e indicate. Figure 8f reveals that polypropylene waste 
contents higher than 85% at all gasification temperatures 
lead to the maximum energy efficiency of 68%. The mini-
mum carbon dioxide emission is attained at simultaneous 
maximum values of temperature and moisture equals to 
8 g/s, as Fig. 8g shows. Figure 8h demonstrates that moisture 
content higher than 20 wt% and polypropylene waste content 

higher than 80 wt% result in the minimum carbon dioxide 
emission of 5 g/s. According to the results of Fig. 8i, gasifi-
cation temperatures higher than 850 °C and polypropylene 
waste content higher than 85% lead to the optimum carbon 
dioxide emission which is almost 5 g/s.

Figure 9 presents the results of tri-objective optimization 
of efficiencies and carbon dioxide emission in co-gasification 
of eucalyptus and polypropylene waste. Figure 9a indicates 
that moisture content of 25.76 wt%, gasification temperature 
of 954.55 °C, and polypropylene waste content of 53.81 wt% 
are multi-objective optimum conditions to achieve an effi-
cient and clean air co-gasification. The optimum outputs are 
hydrogen efficiency of 71.87%, energy efficiency of 81.14%, 
and CO2 emission of 9.37 g/s in these conditions. Figure 9b 
shows that simultaneous highest levels of parameters result 
in an efficient and clean steam co-gasification, and moisture 
content of 30 wt%, gasification temperature of 1000 °C, and 

Fig. 7   Optimization results in air co-gasification: a hydrogen effi-
ciency versus temperature and moisture, b hydrogen efficiency ver-
sus polypropylene content and moisture, c hydrogen efficiency versus 
temperature and polypropylene content, d energy efficiency versus 
temperature and moisture, e energy efficiency versus polypropylene 

content and moisture, f energy efficiency versus polypropylene con-
tent and temperature, g CO2 emission versus temperature and mois-
ture, h CO2 emission versus polypropylene content and moisture, and 
i CO2 emission versus polypropylene content and temperature
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polypropylene waste content of 100 wt% are the multi-objec-
tive optimum conditions. These conditions lead to hydrogen 
efficiency of 49.86%, energy efficiency of 77.21%, and CO2 
emission of 2.21 g/s. The results indicated that air co-gasifi-
cation of eucalyptus and polypropylene waste leads to higher 
H2 efficiency and lower carbon dioxide emission compared 
with steam co-gasification. However, energy efficiency is 
higher in steam co-gasification than air co-gasification.

4 � Conclusions

Air and steam co-gasification processes of eucalyptus and 
polypropylene waste were studied in detail and tri-objective 
optimized with respect to efficiencies and carbon dioxide 
emission using central composite design methodology. The 
main achievements of this study can be summarized as:

•	 Increasing polypropylene waste content mitigated carbon 
dioxide emission in co-gasification, improved efficiencies 
in steam co-gasification, and did not change markedly 
efficiencies of air co-gasification.

•	 Increasing moisture content of feedstock increased car-
bon dioxide emission of air co-gasification, reduced car-
bon dioxide emission of steam co-gasification, improved 
noticeably hydrogen efficiencies, and enhanced slightly 
energy efficiencies of co-gasification.

•	 Polypropylene waste fractions of about 40% resulted in 
optimum conditions for air co-gasification while this 
value is 100% for steam co-gasification.

•	 Air co-gasification of eucalyptus and polypropylene 
waste led to higher energy efficiency compared with 
steam co-gasification while higher hydrogen efficiency 
and lower carbon dioxide emission were attained in 
steam co-gasification.
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Fig. 8   Optimization results in steam co-gasification: a hydrogen effi-
ciency versus temperature and moisture, b hydrogen efficiency ver-
sus polypropylene content and moisture, c hydrogen efficiency versus 
temperature and polypropylene content, d energy efficiency versus 
temperature and moisture, e energy efficiency versus polypropylene 

content and moisture, f energy efficiency versus temperature and 
polypropylene content, g CO2 emission versus temperature and mois-
ture, h CO2 emission versus polypropylene content and moisture, and 
i CO2 emission versus polypropylene content and temperature
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•	 A clean and efficient air co-gasification of eucalyptus and 
polypropylene waste was obtained at moisture content of 
26 wt%, gasification temperature of 955 °C, and polypro-
pylene concentration of 54 wt%.

•	 Moisture content of 30 wt%, gasification temperature of 
1000 °C, and polypropylene concentration of 100 wt% 
resulted in a clean and efficient steam co-gasification of 
eucalyptus and polypropylene.
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