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Biomass gasification is a prevailing approach for mitigating irreversible fossil fuel deple-

tion. In this study, palm empty fruit bunch (EFB) was steam-gasified in a fixed-bed, batch-

fed gasifier, and the effect of four control factorsdnamely torrefaction temperature for EFB

pretreatment, gasification temperature, carrier-gas flow rate, and steam flow ratedon

syngas production were investigated. The results showed that steam flow rate is the least

influential control factor, with no effect on syngas composition or yield. The gasification

temperature of biomass significantly affects the composition of syngas generated during

steam gasification, and the H2/CO ratio increases by approximately 50% with an increase in

temperature ranging from 680 �C to 780 �C. The higher H2/CO ratio at a lower gasification

temperature increased the energy density of the combustible constituents of the syngas by

3.43%.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Fossil fuel depletion is primarily attributed to the enormous

energy demand of modern civilization, which has resulted in

excessive carbon dioxide emission and unprecedented global

warming. Many attempts have been made to avert global

warming crises through the increased use of renewable en-

ergy, such as solar, wind, and geothermal energy. However,

almost all renewable energy sources have drawbacks associ-

ated with their intermittent power output, which is depen-

dent on the weather and season, and their topographical

limitations regarding construction site. By contrast, biomass

is a cheap and abundant source of energy that has good
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synergy with current fossil fuel power plants. With the

objective of mitigating carbon dioxide emission, several

research groups have examined the possibility of using

biomass to replace at least a portion of current fossil fuel

consumption [1].

The direct burning of biomass has several disadvantages,

such as low heating value, high moisture content, corrosion

problems, wide particle-size distribution, and low homoge-

neity [2]. To improve the fuel properties of biomass, many

thermochemical and biological process are applied to obtain

high-quality fuels from biomass. One of these, gasification is a

high-temperature process wherein organic and fossil fuel-

based carbonaceous materials are converted into carbon
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monoxide, hydrogen, and carbon dioxide with assistance

from a gasifying agent. Moisture in the biomass is gradually

discharged as the ambient temperature increases to 100 �C,
resulting in 5e10% weight loss depending on the type of

biomass feedstock [3,4]. As the temperature further increases

to 250e400 �C, large carbohydrate compounds, such as starch,

hemicellulose, and cellulose, decompose into smaller mole-

cules (e.g., carbon dioxide, methane, acetic acid, and phenol),

resulting in major mass loss (approximately 40%). The solid

reaction product (char) mostly comprises carbon. Finally,

gasification occurs at a high temperature of approximately

650 �C, with the gasifying agents (typically air, because of its

low cost) initiating the reaction with carbon in the char and

releasing gaseous compounds.

Table 1 presents a list of the major reactions that occur

during gasification. The solid residue, called ash, mainly

comprises metal oxides. Using oxygen and steam as the

gasification agents is expensive and necessitates a compli-

cated gasifier design; however, they produce reaction prod-

ucts with higher heating values than does air. Syngasdwhich

mainly comprises hydrogen and carbon monoxide, with

relatively small amounts of methane, carbon dioxide, and

other gaseous hydrocarbons such as ethanedis the combus-

tible gas mixture resulting from gasification. The composition

of syngas depends on many gasification parameters, such as

biomass type, gasification agent, and temperature. Syngas can

be used as fuel in internal combustion engines and fuel cells.

Biomass gasification can therefore reduce greenhouse gas

emission because syngas can partially replace fossil fuels in,

for example, hydrogen production [5].

Torrefaction alters the physical and chemical properties

of biomass. Torrefied biomass has a relatively higher heating

value and lower weight, and is hydrophobic [8]. Torrefaction

can thus be considered a means to upgrade the quality of

solid biomass, or as pretreatment for gasification. For

example, Chew and Doshi [9] reported that a reduction of tar

precursors such as acetol and guaiacol was observed after

torrefaction of pine. Additionally, they mentioned that tor-

refaction improved the reactivity of biofuel, thus reducing

the required gasifier size. Similarly, other researchers have

also reported on enhancing gasification through torrefaction

as pretreatment. Deng et al. [10] reported the beneficial ef-

fects of co-gasification of coal and torrefied biomass and

recommended that small pretreatment factories for torre-

faction be built near biomass resources to conveniently

obtain high-energy-content char or gas; this gas can subse-

quently be gasified on a large scale far away from the farm-

land. Apart from preventing the use of raw biomass, other

benefits of torrefaction include simplified milling and
Table 1 e Main gasification reactions [6,7].

Chemical reaction Kinetics scheme

Boudouard C(s) þ CO2 # 2CO

Wateregas (Heterogeneous) C(s) þ H2O # CO þ H2

Hydrogenation C(s) þ 2H2 # CH4

Partial oxidation 2C(s) þ O2 # 2CO

WGS CO þ H2O # CO2 þ H2

Methane reforming (steam) CH4 þ H2O # CO þ 3H2
enhanced gasifier efficiency due to biomass moisture

reduction. Prins et al. [11] reported that pretreating biomass

through torrefaction increases the gasification efficiency

(exergy balance). Couhert et al. [12] confirmed that pretreat-

ing biomass through torrefaction increased the amount of CO

and H2 in gaseous gasification products.

The use of a gasification agent is another factor that

strongly influences gasification. The gasification agent reacts

with biomass and breaks it down into gas molecules (notably,

the biomass also breaks down under high temperatures

through, for example, pyrolysis). Of the many gasification

agents, air is the most common; although its oxygen content

is only 21%, air is abundant and requires no storage equip-

ment. Pure oxygen can also be used as a gasification agent to

increase the heating values of syngas. Once the reaction is

initiated, these two gasification agents achieve self-

sufficiency, meaning that no external energy is needed.

Steam is another agent used for its ability to extract the most

amount of hydrogen from biomass; however, it requires

additional power input [7]. Occasionally, CO2 is used as the

gasification agent to enhance CO2 recycling and to reduce CO2

concentration in the atmosphere.

Several control factors, such as the amount of gasification

agent, biomass characteristics, and gasification temperature,

affect the outcome of gasification. The effects of these control

factors on the products of steam gasification have been

extensively investigated. For example, Salmiaton et al. [13]

studied the effect of air flow rate, particle size, and gasifica-

tion temperature on the composition and yield of syngas and

reported that a high gasification temperature considerably

increased both the yield and heating value of syngas. This

increase in heating value is due to the lower CO2 composition

in the syngas at high temperatures. In addition, a smaller

particle size slightly increased the syngas production, and an

increase in air flow increased the syngas yield but decreased

the heating value. Guan et al. [14] examined the effects of

biomass type, temperature, and steam flow rate, and found

that wood (which is mostly composed of cellulose and lignin)

was harder to gasify than was seaweed and that mixing

seaweed with wood promoted the gasification reaction of

wood. Moreover, introducing a steam flow increased syngas

yield, but excessive steam flow decreased the yield because a

large steam flow cools the reactor [15]. As was the case in air

gasification, a high temperature in steam gasification

increased syngas yield.

Many studies have also focused on the time evolution of

syngas production. Moon et al. [16] classified the gasification

reaction into two, often overlapping, stages: devolatilization

and char gasification. In the devolatilization stage, the reac-

tion is limited by the rates of heat transfer and molecule

diffusion. Thermodecomposing biomass rapidly produces

volatility. In the char reaction stage, the reaction progresses

relatively slowly. Overall, Moon et al. reported that high

temperatures and steam flow rates promote both devolatili-

zation and char reaction. Wood et al. [17] examined the in-

fluence of biomass composition on the gasification of several

types of biochar. All biochars exhibited similar two-stage re-

action characteristics, and the syngas production time curve

varied with themicrostructural and elemental composition of

the biomasses.
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Empty fruit bunch (EFB) is the residue created by palm-oil

production. EFBs are abundant because palm fruits are a

major source of edible oil. Several groups have studied the

feasibility of EFBs as an energy source [13,18,19]. Table 2 pre-

sents the composition of EFBs. The present study examined

the effect of torrefaction pretreatment, gasification tempera-

ture, carrier-gas flow rate, and steamflow rate on the different

reactions and stages in steam gasification.
Methodology

The experiment was designed through the Taguchi method,

which facilitates the efficient analysis of multiple control fac-

tors. Orthogonal arrays are an important aspect of the Taguchi

method. The choice of orthogonal array dictates the number of

factors that can be inspected and the number of experiment

runs required. This study investigated four factors, each with

three levels (Table 3), by using an L9 orthogonal array (Table 4),

where the suffix “9” indicates that nine experiments must be

performed. In the Taguchi method, these experimental results

are then transformed to a signal-to-noise (S/N) ratio for ease of

data interpretation. The S/N ratio algorithm can be logarithmic

or inverse, but the exact equation depends on the optimization

objectives; typically, three types of optimization targets are

employed: smaller-is-best, nominal-is-best, and larger-is-best,

respectively. A larger S/N ratio indicates better results (i.e., the

obtained data is closer to the desired value).

Fig. 1 is a schematic of the updraft fixed-bed batch gasifica-

tion system used in this study. This gasifier can achieve a

reactor wall temperature of 800 �C, and the nitrogen flow rate is

controlled using a float-type flowmeter (Dwyer Instruments). A

pressurized air tank is connected to a water tank equippedwith

a needle valve and a ball valve for flow-rate control and shutoff.

Two resistive heating devices are controlled using two separate

proportionaleintegralederivative temperature controllers. The
Table 2 e EFBs with a diameter of 4 mm and length of
5e20 mm (supplied by China Steel Company).

Proximate analysis Weight
percentage (%)

Moisture 4.088

Volatile 64.951

Fixed carbon 19.485

Ash 11.476

Elemental composition

C 39.0

H 0.57

O 43.0

N 1.30

S 0.13

Table 3 e Parameters and levels in the experiment.

Parameter Level 1 Level 2 Level 3

[A]: Torrefaction temperature, �C Raw biomass 250 300

[B]: Steam flow rate, g/min 1.2 1.75 3.0

[C]: N2 flow rate, L/min 0.8 1.0 1.2

[D]: Gasifier temperature, �C 680 730 780
main body of the gasifier is composed of a quartz tube with an

inner diameter 64 mm, wall thickness of 2 mm, and length of

500mm. The ends of this quartz tube are sealed using two steel

caps, with Viton O-rings placed between the quartz tube and

steel cap for airtightness. This setup also houses an alumina

honeycomb sample holder supported by several steel rods.

Before gasification, 3 g of EFB pellets were subjected to

torrefaction under the conditions specified in the L9
orthogonal array. Torrefaction was performed by feeding

1 L/min of nitrogen into the reactor. The samples were held

at the specified torrefaction temperature for 1 h. Subse-

quently, the torrefied (or raw) pellet was placed onto the

aluminum honeycomb sample holder. After ensuring

airtightness of the gasifier, nitrogen was flowed to purge the

remaining air. Then, the gasifier temperature was increased

to the target gasification temperature over 50 min by the

resistive heating wire on the reactor wall. On reaching the

target temperature, steam was flowed into the gasifier. The

heater plate then completely evaporated the liquid water.

Biosyngas emission was detected and recorded using an

industrial gas analyzer (Vario Plus) at a sampling rate of 1/

25 Hz for 10 min.
Results and discussion

Taguchi method

A Taguchi L9 orthogonal array, which can accommodate four

parameters with three levels each, was used for designing the

experiments. The nitrogen concentration in the product gas

was subtracted from 100%. The raw concentration data was

then normalized by the difference to obtain the syngas

composition. Table 5 shows the H2/CO ratios obtained in each

experiment. Each experiment was performed three times, and

in each, data were recorded as the mean of measurements at

24 data points.

The S/N ratio for each factor was calculated as the

hydrogen percentage through larger-is-best optimization

(Table 6). Entries in the “S/Nmax � S/Nmin” row indicate the

difference between the maximum andminimum S/N ratio for

each factor, which directly correlates with the effect of the

corresponding factor; this is because changing the level of a

factor that has a high influence on the reaction would cause

wide variations in the product property, resulting in a higher

difference in themeasurements at different levels. FromTable

6, it is evident that gasification temperature has the strongest

effect on gasification and that the effect of steam flow rate is

negligible.

To confirm the results obtained through the Taguchi S/N

ratio analysis, a confirmation run was executed. The param-

eter set with the highest S/N ratio is A1, B3, C3, and D1. The

predicted S/N ratio, which corresponds to the highest H2/CO

ratio in syngas, can be calculated using the following

equation:

hpredicted ¼ hA1 þ hB3 þ hC3 þ hD1 � 3h

where h represents the S/N ratio, the subscripts on the right-

hand side of the equation are the individual S/N ratios for the

https://doi.org/10.1016/j.ijhydene.2017.11.117
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Table 4 e Taguchi L9 array used in this study.

Exp. Run# Torrefaction
temperature (�C)

Steam flow
rate (g/min)

Nitrogen flow
rate (L/min)

Gasification
temperature (�C)

Run 1 No Torrefaction 1.75 1 680

Run 2 No Torrefaction 1.2 0.8 730

Run 3 No Torrefaction 3 1.2 780

Run 4 250 1.75 0.8 780

Run 5 250 1.2 1.2 680

Run 6 250 3 1 730

Run 7 300 1.75 1.2 730

Run 8 300 1.2 1 780

Run 9 300 3 0.8 680

Fig. 1 e Gasifier equipment, cooling system, and gas analyzer used in this study.

Table 5 e H2/CO ratio for each experiment.

Experiment No. Run 1 Run 2 Run 3

1 13.40 13.56 13.84

2 8.72 9.62 9.44

3 8.02 9.99 10.41

4 8.35 5.65 6.07

5 12.83 13.89 14.88

6 9.08 9.35 11.16

7 8.98 10.64 9.86

8 6.72 7.24 7.33

9 9.89 10.65 10.70

Table 6 e Effects of the investigated factors.

Level [A]
Torrefaction

[B]
Steam

[C]
Nitrogen

[D]
Temperature

1 20.44 19.70 18.60 21.93

2 19.57 19.54 19.81 19.62

3 19.04 19.82 20.65 17.50

S/Nmax � S/

Nmin

1.40 0.28 2.05 4.43

Table 7 e Validation of the Taguchi results.

H2/CO ratio S/N ratio

Prediction 15.46 23.78

Confirmation 15.78, 15.43 23.86

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 3 ( 2 0 1 8 ) 6 6 7e6 7 5670
indicated level and parameter, and h is the average of the nine

experimental S/N ratios. The predicted S/N ratio was 23.78,

corresponding to a H2/CO ratio of 15.46 (Table 7). The confir-

mation run was repeated twice.
Transient analysis

Generally, when biomass is subjected to thermal pretreat-

ment, the majority of residual biomass would be composed of

carbon. Consequently, during gasification, the biomass can be

theoretically regarded as pure carbon [20]. Typically, gasifi-

cation reactions include three heterogeneous reactions

entailing carbon: the Boudouard reaction, hydrogenating re-

action, and steamecarbon (SeC) reaction. Compared with the

SeC reaction, the chemical reactivity of the hydrogenating

and Boudouard reactions are negligible due to the low value of

the reaction rate constant [7]. In addition, CO2 and H2 can be

considered scarce gases in the gasifier because of their low

concentration relative to those of the gasifying agents (i.e.,

water steam). Thus, the hydrogenating and Boudouard re-

actions can be ignored in the analysis. Accordingly, the

chemical reactions during steam gasification can be simplified

to the following three reactions:

https://doi.org/10.1016/j.ijhydene.2017.11.117
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Fig. 2 e Syngas (excluding CH4) production rate at

gasification temperatures of 680 and 780 �C.

Fig. 3 e Methane production rate at gasification

temperatures of 680 and 780 �C.

CþH2O#COþH2 Water� gas ðS� CÞ R1

CH4 þH2O#COþ 3H2 Methane reforming R2

COþH2O#CO2 þH2 WGS R3
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The SeC reaction is a heterogeneous reaction, whereas the

methane reforming and WGS reactions are homogeneous re-

actions. The production rate of the product gases is normal-

ized by dividing the volume fraction of nitrogen. However,

because three levels of nitrogen flow rates were employed in

the experiment, the average nitrogen flow rate was set at 1 L/

min; considering the effect of nitrogen flow rate, all values

were multiplied by the following weighting factors: 1.0 for

level 1, 0.8 for level 2, and 1.2 for level 3. The effect of each

control parameter was obtained by averaging the results of

the relevant experiments. For example, the average of

experiment runs 1, 5, and 9 represents the effect of a gasifi-

cation temperature of 680 �C on hydrogen production.

Characteristically, reaction R2 (i.e., methane reforming) is

the most efficient among the three reactions. These reactions

are reversible, but the forward reactions are extremely strong

[6,21]. Methane usually accumulates in the gasifier during the

pyrolysis period of gasification. Therefore, the absence of

methane during gasification indicates that only the hetero-

geneous reaction R1 and homogeneous reaction R3 are

dominant. In this scenario, the overall product gas would

consist of approximately two moles of H2, one mole of CO2,

and twomoles of CO. Inayat et al. [22] reported that the H2/CO2

ratio in the absence of sorbent CaO approached 2, where the

amount of hydrogenmole fractionwas 0.65 and the amount of

CO2 mole fraction was 0.31. In the presence of methane,

however, the hydrogen yield would double because of the

combined effect of the homogeneous reactions R2 and R3 on

hydrogen production. Eventually, the gasification gas consti-

tutes approximately four H2 molar fractions and one CO2

molar fraction. Wang et al. [23] posited that in the volatile

reaction stage of gasification, the syngas would contain more

H2 than CO and CO2. Therefore, the H2/CO2 ratio can serve as

an effective indicator of the competition of volatile reaction

(i.e., methane steam reforming) and char reaction (i.e., het-

erogeneous wateregas reaction) at any given time.

Effect of gasification temperature
To investigate the effect of gasification temperature on

hydrogen yield, the production rates of the main gasification

gases, namely H2, CO, and CO2, at gasification temperatures of

680 and 780 �C were recorded for 600 s during gasification

(Fig. 2). An increase in gasification temperature enhanced the

production rate of the main gasification gases. In addition, all

measured data had distinct peaks, similar to the case in Moon

et al. [16]. These peaks indicate the volatile reaction phase of

gasification, whereas the long tails of the gas production curve

indicted the slow char phase. However, the two phases do not

have a distinct boundary. Fig. 3 shows the methane produc-

tion rate at various gasification temperatures, which was

lower than that of the main gases. By contrast, the methane

production rate was low during the volatile reaction during

gasification at 780 �C. Nevertheless, the status of the methane
reforming reaction can be assessed by monitoring the H2/CO2

ratio (Fig. 4). If the methane reforming reaction is activated,

R1, R2, and R3 may produce hydrogen, and the H2/CO2 ratio

becomes equal to or exceeds 4. On the contrary, if the

methane reforming reaction is deactivated, hydrogen is pri-

marily produced by R1 and R3, and the H2/CO2 ratio ap-

proaches 2. As shown in Fig. 4, the H2/CO2 ratios at the two

investigated gasification temperatures exceeded 4 in the vol-

atile reaction phase because of methane production, and the

H2/CO2 ratios approached 2 in the char reaction phase. The

low methane production rate at 780 �C in Fig. 2 is thus a

product of the active methane reforming reaction, which

leads to a low methane production rate during the volatile

reaction phase.

Furthermore, the competition between the homogeneous

WGS reaction and the heterogeneous SeC reaction warrants

attention. The WGS reaction (R3) produces equivalent

amounts of CO2 and H2, whereas the SeC reaction (R1) gen-

erates equivalent amounts of CO and H2. Therefore, the CO2/

CO ratio can be used to determine whether R1 or R3 is domi-

nant: the CO2/CO ratio is larger than unity when the homo-

geneous reaction is dominant, and vice versa. Fig. 5 is a plot of

https://doi.org/10.1016/j.ijhydene.2017.11.117
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Fig. 6 e Equilibrium constants of WGS and heterogeneous

SeC reactions [24,25].

Fig. 4 e H2/CO2 ratios at gasification temperatures of 680

and 780 �C.
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the CO2/CO ratios at gasification temperatures of 680 and

780 �C, and reveals that the homogeneous reaction was

dominant at both temperatures. The homogeneous reaction

has a relatively much lower activation energy [21] and thus a

higher reaction rate. The CO2/CO ratios at 680 �C were much

higher than those at 780 �C, which can be attributed to the

tendency of chemical equilibrium. Fig. 6 shows the equilib-

rium constants of theWGS reaction and SeC reactions at high

temperatures of 630e790 �C. The equilibrium constant of the

heterogeneous SeC reaction increased rapidly with tempera-

ture, whereas that of the homogeneous WGS reaction

decreased slightly, strengthening the backward WGS reaction

and further decreasing the CO2 generated and CO consumed

in the WGS reaction. However, the equilibrium of the WGS

reactionmoved toward the reactants, whereas that of the SeC

reaction moved toward the products at these high tempera-

tures, eventually causing high CO2/CO ratios at relatively low

gasification temperatures.

Effect of nitrogen flow rate
The effect of nitrogen flow rate on hydrogen production was

investigated at N2 flow rates of 0.8 and 1.2 L/min. A low
Fig. 5 e Evolution of CO2/CO ratio at gasification

temperatures of 680 and 780 �C.
nitrogen flow rate increased the syngas production rate

(Fig. 7). The hydrogen production rate at 0.8 L/min was clearly

higher than that at 1.2 L/min, and this trend was observed for

both CO and CO2 production rates as well; by contrast, the

methane production rates were negligible at these twoN2 flow

rates (data not shown). The steam volume fraction in the

gasifier decreased with an increase in the nitrogen flow rate,

which improved the gasification rate. As shown in Fig. 8, the

H2/CO2 ratios under these two nitrogen flow rates exceeded 4

in the volatile reaction phase because of methane production,

and theH2/CO2 ratios approached 2 in the char reaction phase,

especially, at a nitrogen flow rate of 1.2 L/min.

The plot of the CO2/CO ratios at a nitrogen flow rate of 1.2 L/

min (Fig. 9) clarifies the effect of the gasifying agent on the

homogeneous and heterogeneous gasification reactions. The

CO2/CO ratios exceeded unity, meaning that the reduction in

the steam volume fraction in the gasifier affects the hetero-

geneous SeC reaction more than it does the homogeneous

WGS reaction.

Effect of torrefaction temperature
The effect of torrefaction temperature on hydrogen pro-

duction was investigated using biomass torrefied at 300 �C
Fig. 7 e Evolution of biosyngas (excluding CH4) production

rate at nitrogen flow rates of 0.8 and 1.2 L/min.

https://doi.org/10.1016/j.ijhydene.2017.11.117
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Fig. 8 e Evolution of H2/CO2 ratios at nitrogen flow rates of

0.8 and 1.2 L/min.

Fig. 10 e Evolution of biosyngas (excluding CH4) production

rate for raw biomass and biomass torrefied at 300 �C.
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and raw biomass. The production rate of the main biosyngas

was lower when using torrefied biomass than when using

raw biomass, and the H2 and CO2 production rates were

larger when using raw biomass than when using torrefied

biomass, as shown in Fig. 10. However, the CO production

rates were identical in both cases. Torrefaction pretreatment

decreased the biomass mass available for gasification,

resulting in a low biosyngas yield. This is because that tor-

refaction pretreatment removes some of the volatile gas in

the biomass, as evidenced by the lower methane production

in Fig. 11.

Torrefied biomass is more reactive because of its cracked

surface and porous interior structure, as evidenced by the

relatively lower CO2/CO ratio in Fig. 12, which indicates that

the heterogeneous SeC reaction was dominant. Despite the

substantial difference in the CO2/CO ratios of the raw and

torrefied biomass, the difference in the CO2/CO ratios at the

investigated torrefaction temperatures (250 and 300 �C) was

negligible (Fig. 12).
Fig. 9 e Evolution of CO2/CO ratios at nitrogen flow rates

equal of 0.8 and 1.2 L/min.
Effect of steam flow rate
The effect of steam flow rate on hydrogen production was

investigated at steam flow rates of 1.2 and 3.0 g/m. Fig. 13

shows the production rates of the main gasification gases

(H2, CO, and CO2) at these two steam flow rates. The curves of

the gas production rates were quite consistent at the investi-

gated flow rates, meaning that the steam flow rate does not

significantly affect the production of gases; this result is

consistent with Guan et al. [14]. This is because after the

necessary steam amount has been supplied, any excessive

steam supplied does not influence the gasification reactions.

In addition, the H2/CO2 ratios did not vary significantly at the

two steam flow rates (Fig. 14). Similarly, the strength of the

volatile reaction and char reaction phases did not change

much with the flow rate. These results indicate that a steam

flow rate of 1.2 g/min may be adequate for gasification as the

majority of the steam supplied at 3 g/min does not participate

in the gasification reactions.
Fig. 11 e Methane production rate for raw biomass and

biomass torrefied at 300 �C.
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Fig. 13 e Evolution of biosyngas (excluding CH4) production

rate at steam flow rates of 1.2 and 3 g/min.

Fig. 14 e Evolution of H2/CO2 ratios at steam flow rates of

1.2 and 3 g/min.

Fig. 12 e CO2-to-CO ratios under different torrefaction

conditions.
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Conclusion

The effect of torrefaction pretreatment, gasification temper-

ature, carrier-gas flow rate, and steam flow rate on the yield

and composition of syngas during steam gasification was

studied. The study conclusions are as follows:

1. The gasification temperature of biomass significantly af-

fects the composition of syngas generated during steam

gasification, and the H2/CO ratio increases by approxi-

mately 50% with an increase in temperature ranging from

680 �C to 780 �C. The other investigated factors exhibited

weaker effects in the following decreasing order of influ-

ence: flow rate > torrefaction temperature > steam flow

rate. The higher H2/CO ratio at a lower gasification tem-

perature increased the energy density of the combustible

constituents of the syngas by 3.43%.

2. Methane formation and volatile reactions are dominant in

the initial stages of gasification, resulting in a much higher

hydrogen concentration and higher H2/CO2 ratio in this

phase. The subsequent slow char reaction phases have a

lower syngas production rate and a lower but nearly con-

stant H2/CO2 ratio.

3. Ahigher temperature and lowernitrogenflowrate increased

the yield of syngas by increasing the gasification reaction

rate. Torrefaction pretreatment of biomass decreased

biomass mass, which decreased the syngas yield.

4. The temperature and torrefaction pretreatment affects the

chemical equilibrium in the gasification reaction. Higher

temperatures and torrefaction favor the heterogeneous

water gas reaction.

5. Steam flow rate does not significantly affect syngas yield

and composition.
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