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ABSTRACT: Biomass gasification has the potential to replace fossil fuels through the production of a high-quality syngas 
to be used as fuel, and solid by-products. This thesis concentrates on the biomass gasification in a drop tube furnace. 
Wheat straw particles ranging from 90 to 150 µm were used as feedstock, and experiments were carried out to 
investigate the influence of the operating temperature of the drop tube on the gasification process between 900 and 
1200 °C in the gas yield and soot formation. The biomass feeding rate was fixed at 23 g/h and air was fed to the reactor 
at a constant excess air ratio of 0.4. It was found that, as the drop tube temperature increased, the H2 and CO yields, 
hydrogen/carbon monoxide volume ratio, and the carbon conversion efficiency increased from ~9.5 to ~24 vol.%, from 
~32 to ~34 vol.%, from 0.3 to 0.7 and from ~66 to ~83%. In addition, high drop tube temperatures also have an impact 
on char destruction reaching a minimum of 133.48 mg/g dry biomass at 1200 °C, while soot formation reaches a 
maximum of 3.79 mg/g dry biomass at 1000 °C. Moreover, temperature has little influence on the heating value of the 
producer gas. The cold gas efficiency has a maximum at 1000 °C with a value of ~49%. The present results suggest 
that the optimal operating temperature of the drop tube for the gasification process is 1100 °C, which maximizes the 
syngas heating value and the cold gas efficiency of the process. 

Keywords: Biomass gasification, wheat straw, drop tube furnace, soot, char, syngas. 

 

1 INTRODUCTION 

Biomass is currently the fourth largest final energy 
consumption, accounting for 14% of the world’s energy 
consumption, with practically 2.6 billion people relying 
on biomass for energy [1]. The CO2 neutrality of 
biomass is widely known, relying on the equilibrium 
between the CO2 release to the atmosphere to generate 
heat and power through combustion, and the CO2 
absorbed by the biomass from the atmosphere through 
its photosynthesis in the growing stage. Therefore, 
these numbers tend to grow, since the net addition of 
CO2 to the atmosphere is considered to be zero, as EU 
is setting to reduce for 2030 its greenhouse gases by 
40%, relative to the emission from 1990 [2]. 

Gasification is a clean thermochemical which 
converts solid or liquid carbonaceous fuels into 
chemical feedstock, liquid fuels, power or gaseous fuels 
[3], achieving relevance nowadays, due to a variety of 
instabilities on the oil production and the threat of 
climate change. Its planned for the world cumulative 
gasification capacity to double (400 GW) the 2016 
results by the year of 2021 [4]. Biomass gasification 
provides a mitigation on the dependence of carbon-rich 
fossil fuels, and at the same time, a reduction on the 
emission of greenhouse gases, meeting the 
continuously development of policies and regulations 
imposed by national governments. Therefore, the 

understanding of biomass gasification at a laboratory 
scale is a preliminary step in evaluating its relevance for 
industrial applications. 

Experimental studies on gasification are, usually, 
carried out in different reactors configuration, namely, 
moving bed, fluidized bed and entrained flow reactors 
[3,5]. But, due to a high operating temperature, the 
entrained flow reactor, has become progressively 
important [6–12]. Moreover, it enables to operate with 
small particles [7,9,13–16], and is able to achieve lower 
levels of tars and soot [6,7], and higher efficiency values 
at low residence time [7,9,14]. Soot particles are a result 
of the agglomeration of many spherical carbon and 
inorganic particles up to 200 nm. It represents an issue 
for the climate [17], for human and animal health [18] 
and for the integrity and durability of turbines [19]. 

The aim of this work is to study the effect of the 
operating temperature on the formation of particulate 
matter, namely soot and char formation, and the 
producer gas composition and quality. The first step, 
was to adapt the drop tube furnace from combustion to 
gasification, through the addition of a solid sampling 
system and controllable gasifying media. The second, 
was to carry out experiments at different operating 
temperatures at a constant excess air coefficient. The 
data reported includes the weight and composition of 
solid particle and gas composition and performance 
parameters. 
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The main performance parameters used to evaluate 
the gasification process in this work, are the following: 

• Producer gas lower heating value, LHV 
(MJ/Nm3). Takes into account the chemical 
composition (H2, CO and CH4) and its 
respective heating value; 

• The carbon conversion efficiency, CCE (%). 
Is the carbon content leaving syngas (as 
CO, CO2, CH4) and the biomass carbon 
content [20]; 

• The cold gas efficiency, CGE (%). Is the 
ratio between the gas energy content and 
biomass energy content [20]; 

• The hydrogen/carbon monoxide volume 
ratio, H2/CO. 

2 EXPERIMENTAL SETUP 

2.1 Materials 
Pulverized wheat straw (WS) was chosen to perform 

this study. The results of the ultimate, proximate and 
ash analysis are listed in Table 1. Prior to the 
gasification tests, the WS was sieved between 90 and 
150 µm and dried at 105 °C for 2 hours to remove most 
of the moisture content, as recommended by references 
[21,22]. Figure 1 illustrates the WS particle size 
distribution used in this study. The median diameter of 
the WS is 125 µm. 

 

 
Figure 1 - WS particle size distribution. 

2.2 Setup and conditions 
Figure 2 illustrates the schematic of the biomass 

gasification installation. This installation consists of a 
fuel feeder, a gas supply system, a cylindrical 
electrically heated nonporous mullite reaction tube, 
particulate matter collection system, and a gas sampling 
and analysis system. The mullite reaction tube has a 
total length of 1.75 m and an inner diameter of 40 mm 
(width 5 mm) and is mainly formed by Al2O3. The 
furnace wall temperature is continuously monitored 
using three thermocouples (type-K), equally spaced 
along the gasification chamber, which allows the study 

of the impact of the operating temperature on the 
producer gas. 

Table 1 - Properties of the WS. 

Parameter WS 

Proximate analysis (wt.%, as received)  
Moisture 8.0 
Volatile matter 64.9 
Ash 14.7 
Fixed Carbon (by dif.) 12.4 
Heating value (MJ/kg)  
Low 13.0 
High 14.1 
Ultimate analysis (wt.%, dry ash free)  
C 41.1 
H 5.3 
N 0.7 
S < 0.02 
O (by dif.) 52.6 
Ash analysis (wt.%, dry basis)  
Al2O3  8.7 
CaO  28.0 
Cl 0.6 
Fe2O3 5.0 
K2O 6.9 
MgO 3.7 
Na2O 0.6 
P2O5  2.6 
SO3 1.0 
Others 0.9 

Upstream, the gas supply system consists in air and 
nitrogen supplied from a compressor and a gas cylinder, 
respectively, controlled by mass flow meters. Both enter 
the reactor trough a water-cooled injector. The nitrogen 
works as the carrier gas and air as the gasifying agent. 

Downstream, the particulate matter system is 
composed by a In-house made cyclone, for the larger 
particles, a commercial Dekati® cyclone and metal filter 
to collect finer particles, with a size larger than 10 µm 
and between 10 µm and 30 nm, respectively. The 
Dekati® cyclone and metal filter are heated up to 150 
°C to avoid condensation of gases. Then the particulate 
matter was split in char and soot through a SEM, EDS 
and burnout analysis. The gas analysis system was 
performed with the aid of a gas chromatograph, 
containing data for the H2, CO2, CO and CH4 
concentrations. 

In this study, the experiments were performed to 
assess the influence of the operating temperature in the 
producer gas composition, the gasification efficiency 
and the soot and char production. The operating 
temperature was varied for four operating temperatures: 
900, 1000, 1100 and 1200 °C. The excess air coefficient 
(𝜆) was kept constant at 0.4, through a 0.5 L/min air flow. 
A considerable amount of nitrogen (10 L/min) was used 
to keep the residence time at approximately 2 s. The 
biomass flow rate was fixed at 23 g/h throughout the 
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experiments. The particulate matter was obtained for 15 
min periods, after reaching steady-state conditions.  

 
Figure 2 – Schematic of the experimental setup. 

3 RESULTS AND DISCUSSION 
3.1 Drop tube furnace gas temperature analysis 

The gas temperature profiles along the height of the 
DTF are illustrated in Figure 3. Six points were 
measured, with the insertion of the thermocouple, along 
the height of the DTF for four temperatures, 900, 1000, 
1100 and 1200 °C. To replicate the working conditions, 
a flow of nitrogen and air was introduced while 
measuring of 10 L min-1 and 0.5 L min-1, respectively. 
The results for each distance were obtained based on 
two measurements. 
3.2 Producer gas compositions and quality 

Measured data of the H2, CO2, CO and CH4 yields 
for the effect of the operating temperature at λ = 0.40, 
are listed in Table 2, and the results are shown in Figure 
4. Each experiment was repeated, at least, twice. 

The H2 yield significantly increased from 9.51 to 
23.67 vol.%, while the CO yield slightly increased from 
32.04 to 32.81 vol.%. CO2 and CH4 yields decreased 
from 48.36 to 38.04 vol.%, and from 10.09 to 4.48 vol.%, 
respectively. As established previously, the operating 
temperature benefits endothermic reactions [6–12], 
namely, the Boudouard produces CO consuming CO2, 
the Water-gas reaction and the Methane Steam 
Reforming reactions, consume H2O and CH4 producing 
CO and H2. This explains the global decrease in the CO2 
and CH4 yields, and the increase in the H2 and CO 
yields. Even though the CO content in the syngas  

 

 
Figure 3 - Gas temperature along the DTF at different wall temperatures.
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slightly increased, being almost constant between 
1100°C and 1200 °C, it means that the CO production 
is reversed. It can be attributed to the Water-gas shift 
reaction, which is slightly exothermic and occurs easily, 
consuming CO and H2O to produce H2 and CO2. This 
trend was previously observed in biomass in air [9]. 
 

 
Figure 4 – Effect of the operating temperature on the H2, 

CO2, CO and CH4 yields (𝜆 = 0.40). 

In order to predict the optimum operating 
temperature, the producer gas quality is assessed in 
terms of its performance indicators: LHV, CCE, CGE 
and H2/CO.  

Table 2 and Figure 6 shows the performance 
indicators LHV, CCE, CGE and H2/CO for the effect of 
the operating temperature at λ = 0.40.  

The LHV of the producer gas was estimated 
considering the contribution of the CO, H2 and CH4 
yields. It increased from 8.69 to 9.59 MJ/Nm3 for an 
operating temperature between 1000 and 1100 °C. This 
result could be attributed to the decrease of the CO2 
yield by approximately 9 vol.% as it reached 1100 °C, 
since its LHV is null for being an inert gas. Then, the 
syngas LHV decreased to 8.43 MJ/Nm3 at 1200 °C, due 
to the decrease by 6 vol.% of the CH4 yield, which has 
the highest preponderance in the final LHV result. For 
operating temperatures between 1000 and 1100 °C, the 
CGE increased from 37.49 to 48.95%, and then it 
slightly decreased to 45.84% at 1200 °C. The tendency 
to decrease at higher operating temperatures, could be 

explained by the increase of the syngas yield not being 
able to compensate the decrease in the syngas LHV. 
The CCE showed a continuous increase over the 
operating temperature studied. It increased from 
66.15% to 83.35% as the operating temperature 
increased between 1000 and 1200 °C. The rapid 
increase in the CCE, is due to the decrease of 
particulate matter formation while the operating 
temperature increases. Higher operating temperatures 
promotes heterogeneous reactions, leading to a higher 
yield of producer gas. These results are consistent with 
those reported in the literature [6–12]. Finally, due to the 
high increase in the H2 yield and practically constant CO 
yield, the increase of the operating temperature 
between 1000 and 1200 °C enhanced the H2/CO from 
0.3 to 0.7. Qin et al. [6] and Lapuerta et al. [12] reported 
similar results. 
3.3 Particulate matter formation and 

classification 
The particulate matter collected in the in-house 

made cyclone and the Dekati cyclone, and in the 
impactor for the different operating temperatures (λ =
0.40) are shown in Figure 5. Each experiment was 
repeated, at least, twice.  

 
 

 
Figure 5 -Effect of the operating temperature on the 

particulate matter collected in both cyclones and in the 
impactor (𝜆 = 0.40). 

 

 

Table 2 – Results obtained for the H2, CO2, CO and CH4 yields, LHV, CGE, CCE and H2/CO, in the study of the effect of the 
operating temperature (𝜆 = 0.40). 

Tr   
(°C) 

H2         
(vol.%) 

CO2         
(vol.%) 

CO       
(vol.%) 

CH4         
(vol.%) H2/CO LHV 

(MJ/kg) 
CGE      
(%) 

CCE      
(%) 

1000 9.51 ± 2.01 48.36 ± 9.04 32.04 ± 3.21 10.09 ± 0.91 0.30 ± 0.07 8.69 ± 0.56 37.49 ± 4.90 66.15 ± 9.17 

1100 17.85 ± 3.77 39.18 ± 7.36 33.33 ± 3.28 9.64 ± 0.89 0.54 ± 0.13 9.59 ± 0.67 48.95 ± 5.55 78.27 ± 10.42 

1200 23.67 ± 4.95 38.04 ± 7.11 33.81 ± 3.38 4.48 ± 0.40 0.70 ± 0.16 8.43 ± 0.70 45.84 ± 6.73 83.35 ± 11.28 
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Figure 6 – Effect of the operating temperature on some gasification performance parameters (𝜆 = 0.40): LHV (a), CGE and CCE 

(b) and H2/CO (c). 

The amount of particulate matter collected in the 
cyclones decreased from 208.70 to 133.30 mg/g, db, as 
the temperature increased from 900 to 1200 °C. On the 
other hand, in the impactor, the quantity of particulate 
matter increased from 5.13 to 6.15 mg/g, db, between 
900 and 1000 °C, where it reached its maximum at 1000 
°C. Then, it decreases until 1200 °C reaching 3.10 
mg/g, db. 

The particulate matter in the gasification process can 
be assumed to be formed by char and soot. To tell apart 

the cyclones and impactor particulate matter, from char 
and soot, a SEM, EDS and burnout analysis were 
carried out. Table 3 shows the SEM images, EDS and 
burnout results for the particulate matter collected in the 
cyclones and stages 13 and 2 of the impactor at an 
operating temperature of 1000 °C (λ = 0.40). The EDS 
analysis was determined from three different areas of 
about 50 x 50 µm2. The burnout experiment could not 
be accomplished correctly for the impactor measures, 
due to a subtract presented in the filters. 

 

Table 3 – SEM images and EDS and burnout analysis for the particulate matter collected in the cyclone and stages 13 and 2 of 
the impactor, at 1000 °C (𝜆 = 0.40). 

SEM Image EDS Analysis Burnout Experiment 
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SEM Image EDS Analysis Burnout Experiment 

Cyclone: Tr = 1000 °C and λ = 0.4 

  

Not avaliable 

Impacor: Stage 13, Tr = 1000 °C and λ = 0.4 

  

Not avaliable 

Impacor: Stage 2, Tr = 1000 °C and λ = 0.4 

The cyclones particulate matter for all temperatures 
showed that the SEM images are quite similar with 
particles of 100 µm and different geometrical forms. The 
EDS and burnout analysis have similar results, and at 
1000 °C the results are, 61 wt.% of carbon, 22 wt.% of 
oxygen and 17 wt.% of ash, and 65 wt.% of carbon and 
35 wt.% of ash, respectively. The impactor particulate 
matter at 1000 °C showed that for stages between 13 
and 10, the SEM images are similar to the cyclone, and 
the EDS analysis had around 59 to 69 wt.% of carbon, 
22 to 28 wt.% of oxygen and 9 to 13 wt.% of ash. 
However, for the stages between 9 and 1, the 
agglomerations were smaller than 200 nm, and it was 
possible to observe spherules of approximately 50 nm 
of diameter. The EDS analysis showed a ranging 
composition of 81 to 86 wt. %, 3 to 11 wt.% of oxygen 
and 8 to 16 wt.% of ash. 

Therefore, SEM, EDS and burnout analysis, enabled 
to identify char and soot properly: char was collected in 
the cyclones and stages 13 to 10 of the impactor; and 
soot was collected in stages 9 to 1 of the impactor. 
3.4 Product yields 

Based on the previous identification, a final 
distribution of particulate matter can be made. Table 4 

and Figure 7 shows the effect of the operating 
temperature on the formation of soot and char. 

 

Table 4– Results obtained for the soot and char yields, in 
the study of the effect of the operating temperature (𝜆 =

0.40). 

Tr  
(°C) 

Soot  
(mg/g, db) 

Char  
(mg/g, db) 

900 3.08 ± 0.26 210.74 ± 12.01 
1000 3.79 ± 0.32 194.18 ± 11.07 
1100 3.20 ± 0.27 153.90 ± 8.70 
1200 2.92 ± 0.25 133.48 ± 7.60 

 
Higher temperatures had a positive effect on char 

destruction. For instance, char formation decreased 
from 210.74 mg/g, db, at 900 °C to 133.48 mg/g, db at 
1200 °C. Soot formation first increased between 900 °C 
and 1000 °C, reaching a peak at 1000 °C (3.79 mg/g, 
db). As the temperature increased to 1200 °C, the soot 
decreased to 2.92 mg/g, db. Similar results were 
already published [6,7]. Finally, volatiles (i.e. producer 
gas) yield increased with the increment of the operating 
temperature and reached its maximum of 86.36 wt.% at 
1200 °C. This operating temperature corresponded to 
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the lowest values of char and soot of 13.35 wt.% and 
0.29 wt.%, respectively. 

 

 
Figure 7 – Effect of the operating temperature on the soot 

and char formation (𝜆 = 0.40). 

 
These results unfold that lower temperatures, such 

as 900 and 1000 °C, present higher values for char and 
soot formation. On the other hand, higher temperatures 
lead to a higher producer gas yields, and decreases the 
formation of char and soot yields. The operating 
temperature of 1100 °C appears to be the most suitable 
operating temperature for an optimal high-quality 
producer gas to be used in energy production, in 
consideration of the lower char and soot formation, and 
higher values of LHV, CGE, CCE, and the H2 and CO 
yields. 
3.5 Practical implication of this work 

The work developed aimed to study the syngas 
quality, based on indicators, such as syngas 
composition and its solid matter formation. In order to 
identify the optimal operating temperature, some factors 
must be accounted for such as soot formation, syngas 
yield and syngas cleaning technologies, along with the 
identification of the syngas final application. 

First of all, the gasification process promotes the 
formation of soot, and, in this work, produces a low 
quantity of syngas (~ 2 vol.%), when compared with the 
carrier gas (~ 98 vol.% of nitrogen). The formation of 
soot is a highly undesirable by-product for downstream 
applications, such as turbines. The soot content in the 
syngas can affect the turbine durability and integrity, 
carbon deposition and smoke emissions, lowering the 
turbine performance [19,24]. Thus, temperatures above 
1000 °C should be considered, to minimize the 
formation of PMs. Both soot and char formation 
decrease at higher temperatures. Temperatures below 
1000 °C should consider a particle cleaning system 
technology, such as inertial separation, barrier filtration 
and electrostatic separation [25], which, depending on 
purity requirement, can be very costly. On the other 

hand, the syngas obtained is a small fraction of the 
output gas, leading to two constrains. First, the need to 
isolate the nitrogen to avoid pollutants, such as the 
formation of nitric acids, and, second, the industrial 
application is restricted, due to the low syngas 
production. Regardless of the industrial application, this 
work provides a reasonable contribution to the 
fundamentals of biomass gasification. 

Finally, the syngas can have distinct downstream 
applications and must take into account the factors 
previously considered. For instance, at low operating 
temperatures the producer gas should aim to produce 
synthetic natural gas, due to a methane content 
promotion, but the low temperatures promote the 
formation of char as well. Char may increase the fertility 
and stability of soils, and can behave as carbon dioxide 
sequester, due to its carbon and ash content. 
Nevertheless, higher temperatures increase the 
performance indicators H2/CO, LHV, CGE and CCE. At 
1200 °C the ratio between hydrogen and carbon 
monoxide is the highest, suggesting relevance to the 
chemical industries; in particular, for the methanol and 
ammonia industries, since the main resources for their 
production are hydrogen and carbon monoxide, and 
hydrogen and nitrogen, respectively [26]. An operating 
temperature of 1100 °C is the most suitable for the use 
of the syngas for energy production in engines and 
turbines, as a result of the highest LHV, CGE and 
reasonable values for CCE, and H2 and CO yields. 

4 Closure 
4.1 Conclusion 

Several experiments have been carried out in the 
drop tube furnace using pulverized WS as fuel in order 
to ascertain the effect of the operating temperature on 
the gasification process. 

This study shows that the operating temperature has 
a positive effect on volatile formation and char 
destruction. These results are in accordance with the 
gasification reactivity, since heterogeneous reactions 
improve with the increase in the operating temperature. 
On the other hand, soot formation increases until it 
reaches a maximum at 1000 °C, temperature above 
which it starts to decrease. Since soot is a highly 
undesirable pollutant, WS gasification should be 
performed at operating temperatures above 1000 °C. 

Results also indicate that higher operating 
temperatures result in higher CO and H2 yields, higher 
carbon conversion efficiency and higher H2/CO, but 
lower yields of CH4 and CO2. Higher temperatures 
benefit endothermic reactions, which promotes the 
formation of CO and H2, and the consumption of solid 
carbon, CH4 and CO2. However, operating 
temperatures seem to have little influence on the 
producer gas low heating value, which varies by less 
than two units with operating temperature variations. At 
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the temperature of 1100 °C, both low heating value and 
cold gas efficiency present a maximum value. The low 
heating value and the cold gas efficiency decrease at 
higher temperatures, since the CH4 content decreases 
with the temperature, and the syngas gas yield increase 
cannot compensate the decrease in the low heating 
value, respectively. 
4.2 Future work 

During this master thesis, the impact of the operating 
temperature on the syngas quality was investigated. It 
will be interesting to study the effect of other operating 
parameters, such as the type of biomass, the biomass 
particle size, the residence time, impregnation of 
biomass with inorganics such as potassium, or the use 
of steam and carbon dioxide as gasifying agent. Steam 
leads to a richer producer gas in H2, since it promotes 
de WGS reaction to the formation of H2 and CO2. 
Moreover, carbon dioxide promotes the Boudouard 
equation, enhancing the formation of CO. However, 
both being less reactive than oxygen, it requires more 
external heat supply and could lead to more costs. 
Using a blend of steam, air and carbon dioxide could 
significantly decrease the cost and still increase the 
gasification efficiency and the producer gas yield. 

On the other hand, tar is a black and viscous product 
of the gasification that obstructs the equipment. It could 
be interesting as well to study tar formation and 
composition in the gasification process. 
Notwithstanding, the syngas must go through a cleaning 
process before the downstream application. An 
additional investigation on syngas cleaning 
technologies is interesting. It could be used to clean-up 
and separate the desired gases, such as methyl 
diethanolamine or methanol. 
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