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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.

Keywords Upcycling - Biomass - Gasification - Multi-objective optimization - TOPSIS

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
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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.
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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
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(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 X 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]:

Boudouard Reaction C+ CO, < 2CO AH = +172 kJ/mol
ey
Water — gas Reaction C+ H,0 < CO+ H, AH = +131 kJ/mol
(@)
Hydrogasification C + 2H, < CH, AH = —74.8kJ /mol
3
Oxidation reactions C +0.50, & CO AH — 111 kJ/mol
“
Oxidation reactions C+ O, < CO, AH = +408.8 kJ/mol
&)

Oxidation reactions CO +0.50, < CO, AH = —283 kJ/mol

(6)
Water — gas shift Reaction CO + H,0 < CO, + H, H = —41.2 kJ/mol

(N
Methanation Reaction 2CO +2H, <> CH,+ CO, AH = —247 kJ/mol

®)

Methanation Reaction CO +3H, < CH,+ H,0 AH = —206 kJ/mol (9)

Methanation Reaction CO, +4H < CH,+2H,0 AH = —165kJ/mol
(10)

Reforming Reaction CH, + H,0 < CO + 3H, AH = +206 kJ/mol

Y

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

CH,O0; + pH,0 + 6H,0 + €0, + 3.760N, — y;,CO
+ 7co, co, + YcH, CH, + }’HZHZ + J’HonzO + yN2N2 (12)

The chemical formula of biomasses is CH,0; and «
and f 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 6, €, and 6 are feeding
steam, oxygen, and air to the gasifier reactor. The amount
of 6 is zero in oxygen and air gasifying agents, the amount
of € is zero in the steam gasifying agent and equal to 0 in
oxygen and air gasifying agents, and the amount of 6 is
zero in steam and oxygen gasifying agents. y; 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 ¥; as follows:

1 =vyco+7co, +¥cu, Carbon balance (13)

a +2¢0+26=4ycy, +2v y, +2ry,0 Hydrogen balance

(14
B+o+6 +e=7 co+2r co, +27 g0 Oxygen balance
(15
316 6 =y y, Nitrogen balance (16)

As mentioned, Egs. (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]:
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— PCH4 — Yen, }:/ Biomass T ¢<;’°/H othy, ) + 5<;’cfH ot A;TH 0)
KWGS_—2_ 2)(}/[ (17) Js S B P B o1
(PHz) (sz) _ —-° —o —o —o
+ Qi =vcol| hpcot Dhrco | +vcos hco, + Ah 7.0,
PC02 X PH2 Yco, X Vu, +Ycoz <h/.coz +Ah T.C02> +Ycoz < hicoy+ A T.C02>
Kyry = = (18)

PuoXPco  Yh,0X7Yco

where Ky and Kjpy are equilibrium constants of
water—gas shift and methanation reactions, respectively. P,
and x; are partial pressure and molar fraction of synthesis
gas species, and y, is the sum of y;. Also, the equilibrium
constant is a function of temperature and can be expressed
as follows [38]:

AG‘;
K= exp<—R > T)
m

AGS = AH) — T X ASS,

19)

(20)

where AG‘;, AH;, and AS‘; are the Gibbs free energy,
enthalpy, and entropy at standard state, respectively. R,, and
T are universal gas constant and temperature. Equations (21)
and (22) are achieved by substituting Egs. (19) and (20) in
Egs. (17) and (18):

—o —o

+7coz2 <hf.C02 +Ah T.C02> +7Yco2 <hf.C02 +Ah T.C02> + Qour
(23)
where Q,, and Q,,, are input and output heat and Ef is the for-

mation enthalpy. The enthalpy difference between the con-
sidered and reference states (Ah,;. ;) can be expressed as [40]:

T
Ahy = / (A+ BT + CT* + DT?)dT (24)

TO

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]:

Z <1 _(%)>Qj_EW+ZE0ul_ ZEin =Ed (25)
J J i

J

where Ey, and E,, are the power and destruction exergies and

o0 0 E is the total flow exergy as follows:
% XcH, (AGT,CH4 - ZAGT,H2>
= ——= Xy, =exp|— 21 - - _ —en,
wes (tz 2 ! R,xT @D E=Zni<<hi—h0>—To(si—s0)+(exih0+Rm><T0><ln(xi)>>
(26)
" Xco, X Xg, (AG;,COZ + AG?‘,HZ - AG(TJ",HZO AG?‘,CO) 22)
= —— =exp|—
M XH,0 X Xco P R, XT

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]:

10414+ (00177 (£)) = (03328 (2) ) x (1+ (0:0537x (£))))

The standard chemical exergy of species (chh’o) is pre-
sented in the literature [43, 44].

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

iomass

27

EBiomass = NBiomass X

1- (04021 x (g))

X LH VBi omass
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The main efficiencies including energy (#,,,), chemical (7,,),
exergy (1,,), and hydrogen (17, ) efficiencies are considered in
this study as follows:

_ LHV of combustable gases

en —

x 100
Input energy to unit (28)

_ Exergy of synthesis gases

x 100 (29)

ex

Input exergy to plant

Chemical exergy of synthesis gases

Hep = x 100 (30)

Input exergy to plant

_ LHV of hydrogen content
B Input energy to unit

Nh, x 100 31)
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].

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

N. = Xy

ij /—27ll 2;—;1 Xij2 (32)

where X; indicates the performance value of the ith alterna-
tive versus the jth criterion and Nj; 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:

W =Ny X o (33)

where ; is the weight of the jth criterion and W;; is the
weighted normalized index.

Ideal solutions are maximum W;; in larger-is-better cri-
terion and minimum W;; in smaller-is-better criterion. Non-
ideal solutions are minimum and maximum W;; 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:

J

D = \ 2 (Wy— W) (34)
i=1

D=y 2, (W= Wry (35)
i=1

where D;r and Dj‘ are distances from ideal and non-ideal
solutions, respectively. W;r and W are ideal and non-ideal
solutions, respectively.

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

Dy

“TDrD, G6)

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
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Fig.1 Validation of the biomass
gasification process
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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
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Carbon Nitrogen

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,
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Tgble 1 Dec.isi0n. ma.trix for Alternative Criteria

biomass gasification in presence

of the air gasifying medium H, CO CO, CH, N, Nen Hep Nox Nh,
Apricot stone 19.88 25.64 1046 1.08 4294 69.50 50.80 5492 25098
Beech wood 2143 27779 7440 128 4207 77.11 59.76 64.02  28.55
Cedar wood 20.05 30.00 6.030 1.13 4279 7951 6325 67.60 27.20
Coffee husk 1939 2423 1219 1.01 43.18 7041 4892 5320 26.85
Corn cob 18.57 23776 13.06 093 43.69 7757 5642 6159 29.27
Cotton stem 2191 26.01 8900 132 41.87 8998 7269 78.16 3494
Grapevine pruning waste ~ 20.31  28.04 7.820 1.15 42.68 77.51 6042 64.83 27.80
Holm oak 1890 29.69 7.000 1.00 4340 7786 60.59 6494 2597
Jute stick 20.77  29.69 5920 122 4241 8233 66.70 71.24 28.87
Legume straw 19.80 2458 11.56 1.06 43.00 67.76 4842 5255 25.89
Olive refuse 1578 1895 1943 0.64 452 5172 3175 35778 2047
Peach stone 2128 2777 7570 126 42,12 81.81 6285 67.36 30.19
Pine sawdust 2231 28.64 6070 140 4159 8124 6487 69.23 30.13
Rice straw 1632 2564 1252 0.73 4480 67.77 4692 51.16 2282
Spruce wood pellet 21.53 2599 9200 127 4201 7696 56.83 61.16 29.65
Sugarcane bagasse 2126 2378 1158 121 4218 76.67 5431 5891 30.84
Sunflower shell 2190 2641 8570 132 4181 7822 5846 6279 30.10
Switchgrass 22.85 2237 1208 138 4132 8171 5649 6137 34.99
Wheat straw 2034 28.68 7.15 1.16  42.68 8250 66.78 71.54 29.21
Wood sawdust 21.64 2729 179 1.30 4198 9427 77.68 8328 3542

T?ble 2 Dec.isi0n. ma.trix for Alternative Criteria

biomass gasification in presence

of the oxygen gasifying medium H, CO CO, CH, N, 1, Hen Hlox Nh,
Apricot stone 3343 4420 1947 290 - 68.80 4644 49.05 2440
Beech wood 3542 4724 1397 336 - 76.29  55.18 57.85  26.67
Cedar wood 3352 51.81 1159 3.08 — 78.72  58.89 61.54 2542
Coffee husk 31.88 4435 21.14 263 - 70.02 4596 48.64 2427
Corn cob 30.83 4378 2296 144 - 77.14 5255 5576  26.52
Cotton stem 35.56 4566 1543 335 - 89.25 67.62 71.03 31.87
Grapevine pruning waste  33.94 4822 1476 3.09 - 76.72 55774 5847  26.02
Holm oak 31.74 5251 13.00 276 - 77.2 56.73  59.36  24.08
Jute stick 3448 5091 1135 326 — 8148 6195 6472 2694
Legume straw 3325 4267 2125 283 - 67.12 4421 4621 2423
Olive refuse 27.08 3566 3552 174 - 5148 2893 3153 18.79
Peach stone 3451 4936 1290 3.23 — 81.22 5948 6226 27.36
Pine sawdust 36.51 4840 1146 3.62 — 80.35 60.18 6290 28.04
Rice straw 2726 4883 2195 196 - 67.56 4458 47.14 2037
Spruce wood pellet 3497 4591 1589 323 - 76.37 5336  56.08  27.00
Sugarcane bagasse 3433 43,14 1949 3.04 - 76.23  51.23 5413 2772
Sunflower shell 3547 4641 1478 335 - 77.60 5494 5737 2743
Switchgrass 36.01 4135 1933 331 - 81.38 5427 5738 30.89
Wheat straw 3396 4935 13,57 312 - 81.66 6159 6451 27.32
Wood sawdust 3488 4883 13.00 329 - 93.63 7336  76.80 31.90

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
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Table 3 Decision matrix for

‘ . A Alternative Criteria
biomass gasification in presence
of the steam gasifying medium H, CcO CO, CH, N, 17, Hen Hlox Nh,
Apricot stone 43.67 3961 11.70 5.01 - 7771 7259 76.03 38.72
Beech wood 4646 4351 394 6.08 - 80.62 8248 85.58 43.38
Cedar wood 45776  48.10  0.03 6.11 - 81.42 8746 90.50 43.75
Coffee husk 42,15 3719 1617 448 - 7578 68.81 7259 38.84
Corn cob 4096 36.73 18.13 4.18 - 7485 6997 7405 42.63
Cotton stem 46.15 39.56  8.56 5.73 - 7919 8126 8477 51.09
Grapevine pruning waste ~ 45.36  44.18  4.69 5.77 - 80.15 82.24 8539 4327
Holm oak 4438 4830 1.64 5.67 - 80.67 85.61 88.66 42.49
Jute stick 4645 47.19  0.07 6.29 - 81.59 8830 9136 45.70
Legume straw 4285 3739 1509 4.67 - 7641 6858 7223 3751
Olive refuse 3238 2696 3847 220 - 6412 4510 50.56 2491
Peach stone 46.28 4331 4.40 6.01 - 80.39  83.57 86.75 46.02
Pine sawdust 47774  45.06  0.58 6.62 - 81.80 87.19 90.22 45.80
Rice straw 39.80 4238 13.65 4.17 - 7612 7270 7627 36.96
Spruce wood pellet 45.67 39.64 O.11 5.59 - 7890 76.87 80.24  43.39
Sugarcane bagasse 43.77 3577 1631 477 - 76.01 69.01 73.00 42.49
Sunflower shell 46.31 4033 754 5.83 - 79.53  78.80 82.09 44.25
Switchgrass 4391 31.16 2042 4052 - 7423 6426 68.63 4425
Wheat straw 45.63 4579 2.64 5.94 - 80.75 8595 89.07 45091
Wood sawdust 46.50 4217 532 6.01 - 80.17 86.11 8947 53.44

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
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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
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Table 4 Alternative .ranking in Biomass Air Oxygen Steam
the state of equal weights for
considered criteria g Rank & Rank g Rank
Apricot stone 0.542 15 0.547 15 0.676 13
Beech wood 0.732 8 0.732 0.872 7
Cedar wood 0.752 7 0.766 0.927
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 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
Wood sawdust 0.889 1 0.920 0.864 8
Table 5 Results of sensitivity Medium Rank  State 1 State 2 State 3 State 4 State 5
analysis to select the best
biomass types 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

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

Fig.2 Multi-objective optimum 25

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:

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

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

I

conditions for different cases of
gasifying medium/biomass type

@ Air/wood sawdust
@ Air/pine sawdust
20 + A Oxygen/wood sawdust ®

;\3 A Oxygen/cotton stem
= I Steam/jute stick
‘§ 15 4 £ Steam/pine sawdust o
S S
g 10
2
S ]
= 5
0
740 760 780 800 820 840
Temperature (°C)
biomacs ype sntenton o+ ¢ H, €0 COp CH No o e e
different gasifying mediums Air/wood sawdust 23.60 2475 9.62 111 4093 9491 7195 7833  40.02
Air/pine sawdust 2489 2524 854  1.12 4020 8197 59.64 6479 3523
Oxygen/wood sawdust ~ 31.80  44.04 2233 183 0 7789 5162 5528 27.85
Oxygen/cotton stem 36.87 4559 1498 256 0 9021 66.79 70.68 33.87
Steam/jute stick 4565 4104 673 656 0 79.92 8426 8748  49.96
Steam/pine sawdust 4696 4035 499 770 0 8091 83.11 86.03 44.61
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Fig.3 Multi-criteria decision analysis on the best gasifying medium/biomass type case

(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
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Fig.4 Performance of the best gasifying medium/biomass type gasification
versus temperature and moisture; a effect of temperature on synthesis gas
composition, b effect of temperature on efficiencies, ¢ effect of moisture

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
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content on synthesis gas composition, and d effect of moisture content on
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:

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

e 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.

e 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.

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

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

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

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

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

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