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PID Proportional–integral–derivative controller 
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1. Introduction 

In 2018, the total primary energy consumption was 13864.9 million tonnes of oil 

equivalence (Mtoe) around the world [1]. It increased by 16.11% over ten years of the 

statistical period 2008-2018. In fact, the rapid development of population and urbanisation 

in the world leads to a high demand for global energy. In the energy scenarios to 2040 (Figure 

1-1), the total energy consumption is expected to be 17983 Mtoe, which is 1.5 times as much 

as that in 2010 [2]. It is forecasted that energy consumption will grow up in China, India, 

and other Asia countries from 2020 to 2040. In comparison between the Organisation for 

Economic Co-operation and Development (OECD) and non-OECD countries, two-thirds of 

global energy will be consumed in non-OECD countries in 2040. 

 

Figure 1-1. The global energy consumption by region and energy scenarios to 2040 [2] 

Figure 1-2 presents the shares in global power generation by sources (coal, oil, gas, 

nuclear, hydro, and renewables) in the past and the scenarios for 2040 [2]. In the scenarios 

of power fabrication to 2040, fossil fuels will still be an indispensable source of human 

energy, with which coal will contribute approximately 28% of the total energy. Although the 

increase in renewables is a remarkable performance. The shares of non-fossil fuels (nuclear, 

hydro, and renewables) are expected to share 48% in 2040, in which the renewables are 

predicted to grow strongly, to one-fourth of total power generation in 2040. 
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Figure 1-2. Global power generation by sources [2] 

Today, coal is used mainly in the cement industry, iron and steel manufacturing, and 

electricity generation [3]. In 2018, the utilisation of coal accounted for the highest proportion 

of electrical generation, approximately 37.93% [4]. The proportion by sources in the 

electrical generation in 2018 is illustrated in Figure 1-3, nearly 65% from the fossil fuels. 

Still, now, the electricity generation from coal is the most important resource and couldn’t 

be directly replaced by the other primary source of energy. 

 

Figure 1-3. Electrical generation in 2018 [4] 
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In fact, the International Energy Agency’s Global Energy and CO2 status report 

showed that the global greenhouse gas (CO2) emission reached a historic highest level in 

2018, approximately 33.1 Gt CO2, by 1.7 % higher than that of 2017 [4]. The main reason 

is the ever-increasing energy demand in developed and developing countries. Among the 

emission sources, the utilisation of coal in energy generation contributed the highest amount, 

nearly 44.1% of the total CO2 emission, especially in coal-fired power generation. On one 

hand, it cannot be denied that electricity generation has been highly dependent on fossil 

fuels, like coal, at least until the half of this century. But on the other hand, the use of 

traditional technologies in coal power generation will lead to even higher emission levels. 

Clean coal technology (CCT) could be one of the solutions to this conflict. 

The meaning of CCT is a broad term. Various combinations of CCTs depend on the 

way of definition and utilisation in each country around the world. Generally, CCT will 

cover one or more criteria in the following conditions: (i) the power plant is more efficient 

than a conventional coal-fired power plant through different operation parameters – 

temperature and pressure, or (ii) the plant has a facility that captures and stores carbon 

dioxide in the operation period, or (iii) the plant can reduce localised pollutants, as particulate 

matter (PM10, PM2.5), Nitrogen oxide NOx, sulphur oxide SOx, and heavy metals [5].  

CCT could be grouped into two main categories (Figure 1-4), environmental 

protection and global warming [6]. Environmental protection includes NOx combustion and 

flue gas treatment. Global warming is divided into high-efficiency cycle, CO2 capture, and 

biomass co-combustion technology. Presently, the gasification of coal is considered the 

centre of CCTs.  

 

Figure 1-4. Clean coal technology [6] 

Gasification is an incomplete combustion process of coal or another solid feedstock 

(biomass, municipal solid waste) [7]. The primary goals of gasification are, firstly, to convert 

the entire non-ash content of the feedstocks into gas, and to produce the gas with the highest 
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heating value as much as possible. The main products of the gasification process are gas, 

ash, and tar.  

Gasification is one of the thermochemical conversion processes, besides the 

combustion and pyrolysis process. As previously stated, the gasification process occurs with 

the participation of reactants, such as air, steam, or CO2, whereas pyrolysis takes place in an 

inert atmosphere or a vacuum. As shown in Figure 1-5, the different products are gained 

from the application of these processes. It is clear that the gasification and pyrolysis products 

have a higher flexibility for post-processing and use than the combustion process.  

 

Figure 1-5. Thermochemical processes and products [8] 

The gasification produced gas could be used either as a base material in chemical 

synthesis processes or as fuel in power generation [9]. The advantages of the gasification 

process can be listed as: 

- The high flexibility of synthesis gas products (power and chemical) application 

- The carbon dioxide emission rate is lower, even if the syngas is used as fuel in 

the further combustion process. 

- The Sulphur released from steam gasification is in the form of H2S rather than 

SO2, which can be removed from the synthesis gas and can be used in Sulphur 

and Sulphur acid production, thus, producing a valuable product as a by-product. 

- Nitrous oxides are primarily converted into ammonia, which can be removed 

from the synthesis gas at a lower cost. 

- Emission rates of furan and dioxin are significantly lower compared to 

combustion. 

- The total volume of gas that must be cleaned after gasification is lower than that 

of combustion. 
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2. Gasification process – Literature review 

2.1. Principle of the gasification process 

Generally, gasification is a thermochemical process, in which by using heat and 

gasification agents, carbon-based materials (coal, biomass, MSW, natural gas, natural oil…) 

can be converted into a combustible or synthesis gas. The gasification mechanism is 

illustrated in Figure 2-1. 

 

Figure 2-1. Gasification mechanism 

During the gasification process, the principal chemical reactions may include species 

such as carbon, oxygen, carbon dioxide, carbon monoxide, hydrogen, steam, and methane. 

The main reaction of the gasification process can be listed as [8]: 

Combustion reaction:  

𝐶 +
1

2
𝑂2 → 𝐶𝑂 (∆𝐻298 = −111 𝑘𝐽/𝑚𝑜𝑙) (2-1) 

𝐶𝑂 +
1

2
𝑂2 → 𝐶𝑂2 (∆𝐻298 = −283 𝑘𝐽/𝑚𝑜𝑙) (2-2) 

𝐻2 +
1

2
𝑂2 → 𝐻2𝑂 (∆𝐻298 = −242 𝑘𝐽/𝑚𝑜𝑙) (2-3) 

Boudouard reaction: 

𝐶 + 𝐶𝑂2 ↔ 2𝐶𝑂 (∆𝐻298 = 172 𝑘𝐽/𝑚𝑜𝑙)  (2-4) 

Water-gas reaction: 

𝐶 + 𝐻2𝑂 ↔ 𝐶𝑂 + 𝐻2 (∆𝐻298 = 131 𝑘𝐽/𝑚𝑜𝑙)  (2-5) 

Methane reaction: 

𝐶 + 2𝐻2 ↔ 𝐶𝐻4 (∆𝐻298 = −75 𝑘𝐽/𝑚𝑜𝑙)  (2-6) 

Water-gas shift (WGS) reaction: 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2 (∆𝐻298 = −41 𝑘𝐽/𝑚𝑜𝑙)  (2-7) 

Steam methane reforming reaction: 

𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2 (∆𝐻298 = 206 𝑘𝐽/𝑚𝑜𝑙)  (2-8) 
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Reactions (2-1), (2-4), (2-5), (2-6) describe how char is gasified by oxygen, carbon 

dioxide, steam, and hydrogen. The reactions, where the enthalpy change is a negative value, 

are exothermic reactions. While the reactions with the positive enthalpy value are 

endothermic reactions. The heat requirement for the endothermic reaction is supplied from 

the partial combustion of feedstocks, known as the direct gasification (autothermal 

gasification), or the external heat source – the indirect gasification (allothermal gasification). 

Factors that affect the produced gas of the gasification process might be listed as 

feedstock types, operation parameters (e.g., gasification temperature, heating rate, pressure), 

gasifying reactants, and catalysts.  

2.1.1. Effects of gasification temperatures 

Temperature is a crucial operating parameter in the gasification process. It has 

significant effects on gas yield, produced gas composition, gasification efficiency, tar yield, 

and char yield also. The gasification temperature is controlled by the combustion of char 

indirect gasification. While it is adjusted by the external heat source in allothermal 

gasification. The increase of temperature in the gasifier depends on the gasifier’s 

composition material, the concentration of volatile matter of fuel, the effects on ash fusion, 

and the by-products at high temperatures such as NOx [10]. 

There are several researchers who reported that the higher gasification temperature 

led to an increase in gas yield, which resulted in: 

- The higher gasification temperature helps the higher rate of thermal cracking of 

the pyrolysis gas [11–14]. 

- The enhancement of endothermic reactions at the higher gasification temperature 

[15–18]. 

- The higher gasification temperature promotes the thermal cracking and steam 

reforming of the tar [11,12,16,19,20]. 

The variations of gasification temperature have a significant effect on produced gas 

compositions (H2, CO, CO2, CH4 etc.), and the results show some slight debate among 

researchers. According to Le Chatelier’s principle, the higher temperature improves the 

product in the endothermic reactions and reactants in the exothermic reactions. The 

endothermic reactions in the gasification process can be listed as Boudouard reaction (2-4), 

Water gas reaction (2-5), Steam methane reforming reaction (2-8), Hydrocarbons reforming 

reaction (2-9), and Tar reforming reaction (2-10). 
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Hydrocarbon reforming reaction [11]: 

𝐶𝑛𝐻𝑚 + 2𝑛𝐻2𝑂 → 𝑛𝐶𝑂2 + (2𝑛 +
𝑚

2
) 𝐻2 (∆𝐻298 > 0) (2-9) 

Tar reforming reaction [11]: 

𝑇𝑎𝑟 + 𝑛1𝐻2𝑂 → 𝑛2𝐶𝑂2 + 𝑛3𝐻2 (∆𝐻298 > 0) (2-10) 

The increase in gasification temperature favoured the production of H2 in 

endothermic reactions [21–26]. In addition, the devolatilization (or decomposition) and the 

thermal cracking of tar were intensified with the increase in temperature, which also led to 

a higher concentration of H2 [21,27]. However, when the temperature rose further, the H2 

content decreased, as a result of the combustion of hydrogen when using air as the gasifying 

agent [22,23]. Furthermore, it was claimed that the reaction rate of the WGS reaction (2-7) 

decreased at the higher temperature and the reverse WGS reaction when the temperature 

exceeded the equilibrium temperature [15,17,28,29]. They led to the H2 content decreased. 

In addition, Wenni Li et al. [29] studied that the enlargement of gas volume in the gasifier 

by the excess temperature led to the reduction of residence time for a secondary reaction, 

which resulted in the decrease of H2 content also. 

Several types of research illustrated that the higher gasification temperature promoted 

the endothermic reactions, therefore more CO production and CO2 consumption 

[12,23,26,30–36]. In addition, the reverse WGS reaction at higher temperatures resulted in 

increasing CO content and decreasing CO2 content [37,38]. At higher temperatures in the 

reactor, the devolatilization and thermal cracking in the pyrolysis process also promoted the 

CO content [23]. However, Ge Pu et al. [22] used an air-fixed bed gasifier for pine sawdust 

material, the temperature performed from 650 to 950 at 100 °C. The CO concentration 

increased sharply from 650 °C to 750 °C and then decreased at 950 °C. In the research of 

Yonghong Niu et al. [15], the steam-fixed bed gasifier for biomass material was used and 

the temperature was adjusted from 700 to 950 in 50 °C steps. From 700 °C to 850 °C, the 

CO content increased, but it decreased if the temperature was further increased. 

There was a high agreement among researchers about the variation of CH4 content, it 

decreased with increasing temperature [11,12,15,21,29,36,39–41]. The main reason was the 

increasing reactivity of the steam methane reforming reaction at the higher temperature, 

hence, more CH4 were consumed. Furthermore, Adam Smolinski et al. [42] studied that the 

reaction of CH4 with CO2 at high temperatures resulted in a decrease in CH4 content also. 

The effects of gasification temperature in several research articles are showed in Table 2-1.  
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Table 2-1. The effects of gasification temperature and steam ratio in several research articles 

References Type of gasifier 

Material types and 

moving/non-moving 

material 

Temperature range 

(℃) 

S/C (mol/mol or 

mass/mass) or S/M 

(mass/mass) ratio 

Main results 

[11] Fixed bed  Biomass/non-moving 600-900 S/M: 0-2.8 

- The positive effect of an increase in gasification 

temperature was lower when increasing from 800 to 

900 ℃. 

- The highest gas yield was at an S/M ratio of 1.43 

[12] Fixed bed  
Municipal solid 

waste/non-moving 
700-900 S/C: 0-2.41 

- The gas yield increased with an increase in 

gasification temperature. 

 - The H2/CO ratio reached 0.96 and 2.03 at the S/C 

ratio of 0.84 and 1.52 

[13] Fixed bed 
Sewage 

sludge/moving 
700-900  

- The gas yield increased when the gasification 

temperature increased from 700 to 900 ℃, and the 

H2/CO increased from 0.93 to 1.23 at the same 

gasification temperature conditions 

[24] Fixed bed Coal/non-moving 600-800  

- The carbon conversion efficiency increased as the 

gasification temperature increased from 600 to 800 

℃ 

[25] Fluidized bed Coal/moving 660-750  
- The H2 concentration increased with a range of the 

experimental gasification temperatures. 

[26] 
Fixed bed at high 

pressure 

Coal-biomass-

petroleum coke/non-
moving 

850-1000 S/C: 1.47-4.03 

- The H2/CO ratio decreased from 4.4 at 850 ℃ to 

2.1 at 1000 ℃. 

- The H2/CO ratio increased from 2.0 at the S/C 

ratio of 1.47 to 2.3 at at the S/C ratio of 4.03 at the 

gasification temperature of 950 ℃. 

[28] Fixed bed  Biochar 750-1050 

Steam flow rate: 6-25 

ml/h 

 

 

- An increase in the gasification temperature 

resulted in an increase in gas yield. The H2 

concentration decreased when the gasification 

temperature increased to 1050 ℃. The H2/CO ratio 
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References Type of gasifier 

Material types and 

moving/non-moving 

material 

Temperature range 

(℃) 

S/C (mol/mol or 

mass/mass) or S/M 

(mass/mass) ratio 

Main results 

 

 

decreased from 8.3 to 4.06 when the gasification 

temperature increased from 750 to 1050 ℃. 

- The H2 concentration decreased slightly when the 

steam flow rate rose from 6 to 25 ml/h and the 

H2/CO ratio decreased from 5.00 to 4.51 when the 

steam flow rate increased from 6 to 25 ml/h. 

[36] Fixed bed  Low-rank coal  700-900  

- The H2/CO ratio of the experiments of low-rank 

coals decreased with temperature, from 16-22 at 700 

℃ to around 5 at 800 ℃ 

[43] Fixed bed  Coal 700-900 
Steam flow rate: 0.21 

ml/h 

- An increase in gasification temperature resulted in 

an increase in the H2 and CO concentrations. 

However, the increasing rate of H2 concentration 

was lower when the gasification temperature 

increased from 800 to 900 ℃ 

[39] Fixed bed Coal 750-850 S/C: 0.2-2.2 

- With an increase in gasification temperature, the 

dry gas yield increased significantly. At the same 

conditions, the H2 concentration showed a little 

change and the CO concentration increased slightly. 

The H2/CO ratio achieved around 5 at 850 ℃. 

[40] Fluidized bed Coal/moving 830-970 
S/C: 0-0.4 within E/R: 

0.1 

- The dry gas yield increased when the S/C ratio 

increased from 0 to 0.3. Further raising the S/C 

ratio, the gas yield changed little.  

- An increase in gasification temperature resulted in 

an increase in H2 and CO concentration. Due to 

using the reactant as a mixing of oxygen and steam, 

therefore, the CO concentration was dominant in the 

synthesis gas. 
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References Type of gasifier 

Material types and 

moving/non-moving 

material 

Temperature range 

(℃) 

S/C (mol/mol or 

mass/mass) or S/M 

(mass/mass) ratio 

Main results 

[37] Fixed bed Coal/non-moving 700-900 0.21 ml/min 

- The H2 and CO concentration increased as the 

gasification temperature increased from 700 to 900 

℃. But the increase rate was lower when the 

gasification temperature was from 800 to 900 ℃ in 

the case of H2 concentration. 

[38] 
Pressurized fixed 

bed 
Coal 700-800  

- The syngas yield showed a decreasing trend when 

the gasification temperature increased from 700 to 

800 ℃. The H2 concentration decreased slightly, 

while the CO concentration increased with the 

increase of gasification temperature. 

[44] Fluidized bed Coal 700-850 S/C:0.25-1.5 

- The syngas yield increased significantly when the 

S/C ratio increased from 0.25 to 1.00, but no 

significant change when the S/C grew further to 1.5. 

The H2/CO ratio reached around 2 at an S/C ratio of 

1.00. 

- The synthesis gas yields were relatively the same 

at the gasification temperatures of 800 and 850 ℃. 

While the H2/CO ratio decreased as the gasification 

temperature increased from 700 to 850 ℃. The 

H2/CO ratio reached around 2 at 850 ℃ and the S/C 

ratio of 1.00. 
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2.1.2. Effect of steam ratio 

In the gasification process, air, steam, oxygen, or their combination can be used as 

gasifying agents.  The selectivity of the gasification reactions varies with different gasifying 

agents, thus affecting the composition and LHV of produced gas [45]. Air is the most popular 

media used in large-scale gasification systems. It is the cheapest option, although the 

produced gas will have a high concentration of nitrogen, thus significantly decreasing the 

heating value of the gas as well as limiting the option of further use in chemical processes. 

Using oxygen leads to high operational costs and safety risks. Using steam as a gasifying 

agent requires separate heat introduction in the system, as the main reactions within the 

process are endothermic. Therefore, the utilisation of an external heat source or partial 

combustion process is necessary. In general, the mixture of steam and air/oxygen is the most 

commonly used. The effects of steam ratio are summerized in Table 2-1. 

Regarding the quantity of syngas in the gasification process, it was mainly claimed 

that the gas yield increased firstly with increasing steam ratio [11,12,21,39,40,46–50], but it 

is decreased when the addition of steam grew further. The increase in steam ratio improved 

all steam reforming and char gasification reactions, this resulted in an increase in gas yield 

and carbon conversion efficiency. In addition, the presence of steam enhanced the heat 

transfer efficiency in the gasifier by the increasing thermal conduction. However, the excess 

steam at low temperatures led to a decrease in the temperature of the gasifier, and 

consequently, the gas yield degraded.  

There are many researchers, who claimed that the H2 concentration increased with 

increasing steam ratio [25,33,39,40,44,47,49–52] because the introduction of steam 

enhanced the Water-gas reaction (2-5), Water gas shift reaction (2-7), and steam reforming 

reaction (2-8) (2-9) (2-10). However, the excess steam ratio led to reducing the H2 content 

[47,50,51]. The excess steam lowered the local gasification temperature, it reduced the 

gasification rate.  

The higher steam quantity favoured the Water-gas shift reaction (2-7), which resulted 

in more CO consumption and CO2 producing [39,40,44,47,49]. In the meantime, the CH4 

declined as a result of the higher reaction rate of the steam methane reforming reaction (2-8). 

2.2. Types of gasifiers 

The feedstocks differ highly in their chemical, physical and morphological properties. 

Therefore, the universal gasifier that is able to handle all or most feedstock types, does not 
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exist, and may not exist in the foreseeable future [53]. In the gasifier, all the gasification 

reactions take place at high temperatures and normal pressure (ambient pressure) or high 

pressure. The high-pressure operation is associated with the introduction of the feedstocks 

into the reactor [53]. To select a gasifier, the properties need to be considered in order to 

ensure stability, gas quality, efficiency, and pressure losses only within certain ranges of the 

fuel characteristics, which are [53]: (i) energy content, (ii) moisture content, (iii) volatile 

matter production, (iv) mineral matter content – ash forming propensity, (v) ash chemical 

composition and reactivity, (vi) feedstock reactivity, (vii) feedstock size and size 

distribution, (viii) bulk density of the feedstock, and (ix) feedstock propensity for char 

formation. 

 

Figure 2-2. Gasification technologies [54] 
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In general, the gasifier can be classified into three principal configurations, entrained 

flow, fluidized bed, and fixed bed gasifier (moving bed). Figure 2-2 presents the 

configuration of gasifier types in the transportation of gas and particles, and the temperature 

also [54]. In the entrained flow gasifier, the fuels and gasifying agents are fed into the gasifier 

from the top at elevated pressure. This gasifier type has the largest capacity, but the 

requirements of feeding particle size and operating temperature are very high, therefore the 

input energy is higher than that of other types. In a fluidized bed gasifier, the fuels-gas 

mixing is suspended in the reaction zone, but it leads to carbon conversion problems. This 

gasifier type is highly recommended for biomass due to the low average tar production [55]. 

The main problem of biomass gasification is the tar production in fixed bed gasifiers, in 

contrast, there are many advantages of fixed bed gasifiers over the other types, such as low 

investment and operation cost, simple and reliable operation, high carbon conversion and 

thermal efficiency.  

An updraft fixed bed gasifier is a vertical reactor where the movement of fuel and 

syngas is opposite (Figure 2-3). The fuel is fed from the top of the gasifier, whereas the 

oxidizers come from the bottom, and the fuel gas is collected at the top of the gasifier also. 

The gasifying agents enter at the bottom of the gasifier through a grate, it contacts firstly 

with the hot ash and oxidant zone above the grate, and then to the reduction zone. The heat 

requirement for the pyrolysis and drying process is supplied from the hot production gas. 

Therefore, the syngas composition contains the water vapour from the drying process, tar, 

and by-products from the pyrolysis process. All of them do not travel through the gasification 

for thermal cracking, so it needs to pay more energy in the separating system [56]. In 

addition, the high temperature in the ash outlet can lead to problems of fusion in solid 

equipment. 

In the downdraft moving bed gasifier (Figure 2-3), the fuel is fed at the top of the 

reactor and the gasifying agent is injected in the oxidation zone while the produced gas is 

collected at the bottom of the gasifier. The pyrolysis gas passes co-currently through the 

oxidation and gasification zones, so this leads to the lower content of tar, but the reduction 

of the heating value of syngas also [57]. The other drawback of this gasifier type is the fuel 

gas leaves the reactor at an elevated temperature then the efficiency of the gasification 

process will be decreased [56]. 
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Figure 2-3. Fixed bed gasifier [56] 

The gasifying agent is entered at the middle of the reactor and the syngas outlet is 

built on the opposite side in the cross-draft fixed bed gasifier (Figure 2-3). There are several 

limitations of this gasifier type, such as low produced gas quality, high level of tar content, 

high level of CO2 concentration, and high temperature of gas exit [56]. 

2.3. End-use of produced gas  

The produced gasification gas composition is the most important role in the 

application of produced gas. The composition of gasification produced gas depends on 

various factors, including feedstock, gasifier type, and gasification operation parameters 

(e.g., temperature, pressure, reactant type, etc.). The produced gas can be listed as low Btu 

gas, medium Btu gas, high Btu gas, and synthesis gas [53]: 

- Low-heating gas (produced gas) is a gaseous product of the gasification process, 

in which air is used as a reactant. Typically, the heat content of Low heating gas 

varies in a range of 5.59÷11.18 MJ/m3. Using air as a reactant, the nitrogen 

content presents from less than 33 V/V% to slightly more than 50 V/V%. The 

produced gas is suitable for the combustion process.  

- Medium-heating gas produces typically by steam gasification. Its heating value 

ranges from 11.18÷20.49 MJ/m3. Medium heat-content gas is considerably more 

versatile than low heat-content gas. It can burn directly in the boiler and use in 

the combined power cycle. But medium heat content gas is especially amenable 
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to synthesising methane (by methanation), higher hydrocarbon derivatives (by 

Fischer-Tropsch synthesis), methanol, and a variety of synthetic chemicals. 

- High-heating gas is also known as synthetic natural gas or substitute natural gas 

(SNG). It is essentially pure methane content. 

- Synthesis gas (syngas) is a mixture of carbon monoxide (CO) and hydrogen (H2), 

which is the product of high-temperature gasification with reactants such as steam 

or oxygen. After cleaning, syngas can be used to produce organic molecules such 

as synthetic natural gas (SNG-methane (CH4)) or liquid biofuels such as synthetic 

diesel (via Fischer-Tropsch synthesis).  

Generally, gasification gas is more efficient in production than the original fuel in 

combustion characteristic for electrical generation, especially in combined heat and power 

plants [58–60]. In addition, the high flexibility of utilisation of produced gas is presented in 

the fuel cell application [61–63]. Within the chemical industry, the required ratio of H2/CO, 

as represented in Table 2-2, is determined by the final product of the chemical synthesis.  

Table 2-2. Synthesized final products and the required H2/CO ratios for the synthesis [64–

67] 

Product Basic chemical reactions H2/CO ratio 

FT liquid fuels 
2n H2 + n CO → CnH2n + n H2O 

(2n+1) H2 + n CO → CnH2n+1+ n H2O 

2.0 

2.1 

Methanol 2 H2 + CO → CH3OH 2.0 

Ethanol 2 CO + 4 H2 → C2H5OH + H2O 2.0 

Higher alcohols n CO + 2n H2 → CnH2n+1OH + (n-1) H2O 2.0 

Dimethyl ether 2 CO + 4 H2 → CH3OCH3+ H2O 2.0 

Acetic acid 2 CO + 2 H2 → CH3COOH 1.0 

Ethylene 2 CO + 4 H2 → C2H4 + 2 H2O 2.0 

Ethylene glycol 2 CO + 3 H2 → C2H6O2 1.5 

Acetic 

anhydride 
4 CO + 4 H2 → (CH3CO)2O + H2O 1.0 

Ethyl acetate 4 CO + 6 H2 → CH3COOC2H5 + 2 H2O 1.5 

Vinyl acetate 4 CO + 5 H2 → CH3COOCHCH2 + 2 H2O 1.25 

2.4. Synthesis gas clean-up 

In the gasification process, the raw synthesis gas of various feeding fuels is similar 

[68]. The gasification process generates not only useful gaseous products but also the by-

products or pollutants, such as tar, fly ash, NOx, H2S, SOx, and alkali metals [68,69]. The 

requirement in fuel gas quality from the downstream applications is listed in Table 2-3. 

 

 



20 

 

Table 2-3. Produced gas requirement 

Gas quality IC engine 

[70–73] 

Gas turbine 

[70,74–76] 

F-T synthesis 

[77–79] 

Tar (mg/Nm3) 

PM (mg/Nm3) 

Particle size, μm 

Min. LHV (MJ/Nm3) 

Min. H2 content (V/V%) 

Max. alkali content, ppb 

S component, ppm 

N component, ppb 

HCl, ppm 

Alkali metals, ppb 

< 100.00 

<50.00 

< 10.00 

- 

- 

- 

- 

- 

- 

- 

< 5.00 (in vapour 

phase) 

< 20.00 

< 0.10 

4-6 

10-20 

20-1000 

< 1.00 

- 

< 0.50 

< 50.00 

< 1.00 (ppmV) 

0 

- 

- 

- 

< 10.00 

< 1.00 

< 20.00 

< 0.10 

< 10.00 

2.4.1. Particulate removal 

Particle content requirement depends on the end-use application of the produced gas, 

as shown in Table 2-3. The particulate matter in synthesis gas can lead to many critical 

issues, such as the particles depositing in the nozzle and other places and blocking the 

system. For gas turbine applications the particles affect the turbine blade due to the abrasion 

effect. The particles also affect the anode of the solid oxide fuel cell and deactivate the 

catalyst for the Fischer–Tropsch synthesis [80].  

 

Figure 2-4. The particle removal efficiency of conventional filter types [71] 

There are several ways to reduce the particulate matter in synthesis gas, such as 

cyclone, barrier filter, electrostatic precipitator, and wet scrubber. Figure 2-4 shows the 

general behaviour for particle collection of conventional filter types. In wet scrubbers, 
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particles are collected by collision with liquid droplets and accumulated in a demister. 

Generally, the scrubbing liquid is water. The scrubbing liquid should stay in liquid phase, 

well below its boiling point. As consequently, the synthesis gas will be cooled well  below 

100 °C where the washing liquid is water. Wet scrubbers are used primarily to remove tars 

content rather than particulates. Removing the particulates separately can avoid the 

condensation of the sticky tars on the particulate surface. As consequently, it prevents 

fouling and plugging of filter surfaces. The working temperature range and pressure drop of 

each filter type are presented in Table 2-4, in which, cyclon, fibrous ceramic filter, metallic 

foam filter, and granular bed filter can be applied in the case of the high temperature of 

synthesis gas.  

Table 2-4. The working temperature range and pressure drop of particulate filters [81] 

Particulate filter Temperature range (°C) Pressure drop (kPa) 

Cyclone 100-900 <10.00 

Fabric bag filter 60-250 1-25.00 

Wet scrubber 20-100 5-20.00 

Fibrous ceramic filter 200-800 1-5.00 

Metallic foam filter 200-800 <1.00 

Granular bed filter 200-800 <10.00 

2.4.2. Tar and tar reduction 

Tar is defined as the formed aromatic organics under thermal or partial-oxidation 

regimes (gasification) of any organic material [70]. In the thermochemical decomposition 

process of solid fuels, tar exists in the liquid state at room temperature and in vapour form 

at high temperature. Tar is not only an inevitable matter in pyrolysis processes but is also 

present in the gasification process. The effect of tar can be listed as blocking the pipeline of 

the gasification system at low temperatures, corrosion the downstream, deactivating the 

catalyst in the downstream synthetic process, reducing the thermal efficiency of the 

gasification system, producing phenol-containing wastewater, and degrading the production 

environment in the plant [82].  

 A widely accepted definition of tar proposed by the Directorate-General for Energy 

of the European Commission is that tar is all hydrocarbons with a molecular weight higher 

than benzene [83]. There are two widespread ways to classify the tar composition (Table 

2-5) [70,82,83]. The first one described the process condition, and the other is based on the 

physical properties of tar, such as solubility and condensability of tar, and the number of 

rings in the tar components. 
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As shown in Figure 2-5, there are three main technologies for the tar removal process, 

biological method, physical method, and chemical method [82]. The biological method uses 

the active biological enzyme for the tar removal process. However, this process is not scaled 

up at this time for industrial applications. The physical method is used to convert the tar 

content from the gas phase to the liquid phase by inertia collision, interception, diffusion, 

electrostatic force, and gravity in the cleaning gas system. But the drawbacks of this method 

are the limitation in tar energy utilisation, the secondary pollution from wastewater, and the 

high energy demand. The third method is the chemical process, in which, using thermal 

chemical cracking reactions and/or reforming reactions to convert tar content into non-

condensable gas components. This method can be performed in-situ gasification process or 

post-gasification process.  

Table 2-5. Tar classification 

Milne method ECN-TNO-UT method 

Name Property and typical 

compound 

Name Property and typical compound 

Primary 

products 

Characterized by 

cellulose-derived, 

hemicellulose-derived 

and lignin-derived 

products  

GC-

undetectable 

tar 

- Very heavy tars, cannot be 

detected by GC; 

- Determined by subtracting the 

GC-detectable tar fraction from 

the total gravimetric tar;  

Second 

products 

Characterized by 

phenolics and olefins   

Heterocyclic - Tar containing hetero atoms, 

highly water-soluble 

compounds; 

- Pyridine, phenol, cresols, 

quinolone, isoquinoline, 

dibenzo phenol;  

Alkyl 

tertiary 

products  

Mainly methyl 

derivatives of aromatic 

compound  

Light 

aromatic (1 

ring)  

- Usually light hydrocarbons 

with single ring; do not pose a 

problem regarding 

condensability and solubility;  

Condensed 

tertiary 

products  

PAH series without 

substituent  

Light PAH 

compounds 

(2–3 rings)  

- 2 and 3 rings compounds; 

condense at low temperatures 

even at very low 

concentrations; 

- Indene, naphthalene, 

methylnaphthalene, biphenyl, 

acenaphtylene, fluorene, 

phenanthrene, anthracene;  

  Heavy PAH 

compounds 

(4–7 rings)  

- High-temperatures at low 

concentrations; Fluoranthene, 

pyrene, chrysene, perylene, 

coronene, benzopyrene, benzo 

fluoranthene;  
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Figure 2-5. Tar removal methods [82] 

2.4.3. Sulphur removal 

For the gasification process of low-rank fuels such as brown coal (lignite), the sulphur 

content is quite high. It is formed mainly in hydrogen sulphide (H2S), and acidic products in 

combination with water vapour in the synthesis gas [53]. It results in the corrosion of the 

system. In addition, a small amount of sulphur can lead to the poisoning of catalysts that are 

used in the synthesis gas cleaning or upgrading for not only the gasification process but also 

for the chemical synthesis process [81]. When the gasification gas is combusted, the sulphur 

content is converted to sulphur dioxide, as a regulated air pollutant.  

Typically, H2S removal can carry out with many specific methods. They can be 

categorised depending on the temperature of synthesis gas (hot and cold gas desulfurisation), 

adsorption and/or absorption methods, or sorbent state (solid or liquid types). Table 2-6 

shows the properties of dry and wet sulphur removal methods. 

Table 2-6. Hydrogen sulphide removal [84,85] 

Feature Dry sulphur removal 

method 

Wet sulphur removal 

method 

Sorbent state: solid liquid 

Principle: chemical absorption chemical absorption, 

physical absorption 

Material: single or mixture of metal 

oxides 

chemical solvents: e.g. 

alkanol amines, 

monoethanolamine, 
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Feature Dry sulphur removal 

method 

Wet sulphur removal 

method 

single metal oxides: e.g. 

Zn, Fe, Cu, Mn, Co, V 

oxides 

mixture metal oxides: e.g. 

Mn+V+Cu oxides, Zn+Cu 

oxides 

diethanolamine, methyl 

diethanolamine 

Physical solvents: e.g. 

methanol and dimethyl 

Temperature range: hot gas; normal to high 

temperature (700 °C) 

cold gas; sub-zero to 

normal temperature 

Sulfur removal capacity: mostly partially 

The concentration of H2S in 

syngas:  

low high 

Purifying effect: fine rough 

Operation method: intermittent and simple continuous and complex 

Cost: low high 

2.5. Review of multi-stage fixed bed gasification process 

As mentioned in section 2.3, the most valuable benefit of the gasification process is 

the great flexibility of synthesis gas utilisation, especially in the chemical process. Regarding 

the control of the H2/CO ratio during the gasification process, there are several effective 

ways in changing the gasification parameters (temperature, pressure, etc.), the selection of 

reactant types and their ratio, the utilisation of catalysts, and the gasifier setup modification. 

The multi-stage gasification is well-known as a promising approach in the enhancement of 

process efficiency and quality of product gas as well. In the gasification process, the sub-

processes include drying, devolatilization, partial oxidation, and reduction process. In multi-

stage gasification, the separation or combination of these sub-processes is highly dependent 

on the fuel properties such as reactivity, ash content, sulphur content, and volatile content 

[86]. The multi-stage gasification can be commonly categorised as single-line and double-

line process, are shown in Figure 2-6.  

In the single-line process, there is only one stream of mass (solid and gas products) 

that go through several reactors in series or a reactor with multi-injection of reactant. In the 

double-line process, the mass stream will be separated into at least two partial lines which 

flow through several reactors in parallel. The double-line gasification process was 

commonly used in lab-scale experiments [19,87–90]. In which, the starting material was 

gasified in a reactor to produce syngas. Then the syngas flowed to the 2nd reactor for a 

thermal cracking process and/or reforming process with/without the presence of a catalyst. 

In other research, the double-line concept was developed with a combination of the 



25 

 

gasification process and the combustion process of char [86,91,92]. The scheme of a typical 

experimental apparatus is illustrated in Figure 2-7. The residual char from the gasification 

process is combusted in a circulating fluidized bed chamber. The hot solid bed materials act 

like heat carriers to transport heat from the combustor to the gasifier. The combustion 

chamber and gasifier are connected by a circulating solid char loop to separate the 

combustion flue gas and syngas of the gasification process.  

 

Figure 2-6. Single-line and double-line gasification process [86] 

This section will be focusing on the progress of the single-line multi-stage fixed bed 

gasification process. Generally, there are two main methods in the single-line multi-stage 

gasification process, physical and non-physical modification. In which, the physical 

modification aims to separate and optimize the sub-processes (drying, devolatilization, 

combustion, and gasification) for higher gasification efficiency. While the non-physical 

method is carried out by the separation of air distribution during the gasification process. 

There are two or more air intakes used in the non-physical method, called as multi-air stages 

gasification process.  

 With the many benefits in the operation and efficiency of the process, the down-draft 

gasifier was used in several types of research in the multi-air stages gasification process. 

This research can be categorised into double air stages [93–99] (Figure 2-8-left) and three 

air stages (Figure 2-8-right) [100] autothermal gasification process. In most cases, one of the 

air intakes was used to hold the partial combustion in the double-air gasification process. 

The other air intake would be introduced in the pyrolysis and/or drying zone to increase the 

efficiency of the pyrolysis process by the partial oxidation of organic matter.  
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Figure 2-7. Double line concept with the char combustion [86] 

T. Bui et al. examined the double-air stage in a down-draft throatless autothermal 

gasifier with biomass fuel [93]. Besides the main air inlet for the partial combustion zone, 

the other air inlet was established for a flaming pyrolysis process. This study indicated that 

the tar content in the double-air gasification process was about 40 times lower than that in 

single-stage air gasification. Regarding to the synthesis gas composition, the main 

components were carbon-based gases (CO and CO2) due to using air as a reactant in the 

gasification process. The H2/CO ratio were 0.64 and 0.61 in two-stage and single-stage, 

respectively. The effects of airflow rate and its distribution in air intakes were investigated 

in a down-draft gasification process of biomass with 0.3 m of internal diameter and 1.06 m 

of height [96,99]. With the airflow rate range of 16÷24 Nm3/h and the air distribution at 0, 

40, and 80 %, these investigations showed that the gasification efficiency was increased with 

the proper ratio of airflow rate and the air distribution as well. This could be clearly seen in 

the reduction of tar and particle content in synthesis gas. With an airflow rate of 20 Nm3/h 

and the air supply for the pyrolysis stage at 80 % compared to the airflow rate for the partial 
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combustion stage, the tar content was from 54.25 to 102 mg/Nm3 and particle content was 4 

mg/Nm3. While that were 418.95 of tar content and 146.03 mg/Nm3 of particle content with 

0 % of air distribution [96]. These researches also revealed that CO and H2 were dominant 

components in synthesis gas, counting for around 19.04 and 16.78 V/V% [99]; 19.2 and 

17.14 V/V% [96]. The mixture of the air/oxygen and steam in the double air-stage 

autothermal gasification process helped to increase the H2 concentration, even though the 

steam used in the experiment was not superheated [95,97]. The mean value of H2 

concentration was in a range of 18.4 to 34.3 V/V% with the mixture reactants of air/oxygen 

and steam, while that was only 16.3 to 17.2 V/V% in the case of air gasification [95]. Saleh 

et al. examined the municipal solid waste gasification process in three air stages gasifier with 

an additional air stage in the reduction zone [100]. The air intake in the reduction zone 

increased the gasification performance compared to the single-stage condition. Regarding 

the synthesis gas composition, the CO and H2 concentration firstly improved with an 

increase in air flow rate in the reduction zone. However, it was a reduction trend for the 

further increase in air flow rate in the reduction zone due to the higher combustion rate. In 

addition, the three-air stage also produced the synthesis gas with a lower tar content at 57.29 

mg/Nm3 compared to 146.98 mg/Nm3 in single-air stage gasification.  

Two-stage is a concept used as the physical modification in the single-line multi-

stage gasification process [101–104] (Figure 2-9). In which, the sub-processes (such as 

drying, pyrolysis, partial combustion, and reduction) are mechanically separated to optimise 

each stage for higher efficiency in the whole gasification process. In the two-stage 

gasification process, the drying and pyrolysis processes are carried out in an allothermal 

auger reactor. The necessary heat for the pyrolysis process is provided by the flue gas of the 

combustion process (such as internal combustion engine or burner) of synthesis gas. The 

second stage is an autothermal fixed bed reactor, including partial combustion and reduction 

process. After the pyrolysis process, the partial combustion of pyrolysis gas and char takes 

place with the right selected ratio of reactant in the free space above the hot char bed. Finally, 

the produced gas is passed through the hot char bed at the bottom of the reactor for further 

reaction. Using air as a reactant for the biomass two-stage gasification process, Brandt et al. 

[101] studied the tar reduction in the gasification process for the application of synthesis gas 

in the internal combustion engine. It was presented that the tar content in produced gas was 

reduced to less than 15 mg/Nm3 and none of which was heavy tar. Wang et al. [103] 

examined the two-stage biomass gasification process with oxygen-enriched air as a reactant. 

It was revealed that the oxygen concentration had a significant effect on the synthesis  gas 
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composition, but less on the ratio of H2/CO. The ratio of H2/CO was around 1 in all 

experiments, although the concentration of H2+CO increased from 30 V/V% to 70 V/V% at 

oxygen concentrations of 21 V/V% and 99.5 V/V%, respectively. The O2-CO2 was 

considered as a reactant in the research of biomass two-stage gasification process with a 

focus on tar, sulphur compounds, and synthesis gas composition as well [104]. It was 

demonstrated that the presence of CO2 led to a reduction in H2 concentration, but an 

increasing trend in CO2 and CO concentration. In O2-CO2 operation, the synthesis gas had a 

high quality with tar and sulphur concentration. It led to higher flexibility in application. 

 

Figure 2-8. The multi-air stage gasification process [93,100]  

Brynda et al. researched the biomass gasification unit (named GP750) to use a 

combination of physical and non-physical modification for the combined heat and power 

plant [105] (Figure 2-10). In this study, there were two air-stages used in a fixed bed gasifier. 

The first air intake was supplied for the partial combustion stage in the gasifier to produce 

the essential heat. The char and gas went down to the reduction zone. However, a ceramic 

cone separator was used between the combustion and reduction stages. This separator only 

split the gas compounds from the partial combustion zone. The second air intake was 

provided for partial oxidation of the volatile matter inside the separator. After that, the 

mixture of gases passed through the hot char bed for further reaction. During the long-term 

experiment with air as a reactant, the H2 and CO concentration remained at around 23 and 

25 V/V%, respectively. Especially, the lowest tar content was 4.1 mg/m3, normally in a range 

of 5 to 50 mg/m3.  
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Figure 2-9. Two-stage gasification process [101] 

 

Figure 2-10. Scheme of the GP750 gasifier [105] 

2.6. Low-rank coals and Hungarian low-rank coal gasification  

Coal is known to be the most abundant and widespread among fossil fuel resources  

[106]. The range of coal can be classified from peat to anthracite, as shown in Table 2-7. 
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Table 2-7. Classification of coal by rank (ASTM D388) 

  

Fixed carbon 

limit, % 

(Dry, mineral-

matter-free 

basis) 

Volatile matter 

limit, % 

(Dry, mineral-

matter-free 

basis) 

Calorific limit, 

MJ/kg 

(Moist, mineral-

matter-free 

basis) 

Class Group 

Equal 

or  

greater 

than 

Less 

 than 

Greater 

than 

Equal 

or 

less 

than 

Equal 

or 

greater 

than 

Less 

than 

I. 

Anthracitic 

1. Meta-

anthracite 
98.00 - - 2.00 -  

2. Anthracite 92.00 98.00 2.00 8.00 -  

3. Semi-

anthracite 
86.00 92.00 8.00 14.00 -  

II. 

Bituminou

s 

1. Low volatile 

bituminous coal  
78.00 86.00 14.00 22.00 -  

2. Medium 

volatile 

bituminous coal  

69.00 78.00 22.00 31.00 -  

3. High volatile 

A bituminous 

coal  

- 69.00 31.00 - 32.56  

4. High volatile 

B bituminous 

coal  

- - - - 30.24 32.56 

5. High volatile 

C bituminous 

coal  

- - - - 26.75 30.24 

III. Sub- 

Bituminou

s 

1. 

Subbituminous 

A coal  

- - - - 24.42 26.75 

2. 

Subbituminous 

B coal  

- - - - 24.42 26.75 

3. 

Subbituminous 

C coal  

- - - - 22.10 24.42 

IV. Lignite 
1. Lignite A - - - - 19.31 22.10 

2. Lignite B - - - - - 19.31 

Basically, the low-rank coals (LRCs) comprise of sub-bituminous coal and lignite 

(brown coal), well-known from the early-stage formation of coalification. These coal types 

constitute about one-third of the global proven coal reservoir [107,108], mainly in the United 

States of America, European countries, Australia, and several Asian countries. LRCs are 

characterised as lighter, with higher moisture content, and lower heating value than that of 
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high-rank coals (bituminous and anthracite) [109]. The higher moisture content leads to a 

higher challenge level in the application of LRCs. The high moisture content results in lower 

heating value, which leads to lower thermal efficiency of the plant, higher CO2 emission, as 

well as higher construction and operation cost [110–112]. Furthermore, the cost of long 

transportation and storage of LRCs would be increased due to their high moisture content. 

On the other hand, the LRCs have a strong tendency for self-ignition during the hauling and 

storage period as a result of the high oxygen functional group [113,114]. The other 

disadvantage of LRCs is the higher ash content, it also increases the cost of operation in the 

post-treatment processing [115]. 

However, the LRCs have certain advantages compared to other high-rank coals. It 

can be seen clearly that the first one is the lower cost of open-cut LRCs mining and the 

inexpensive energy source [112,116]. Moreover, the higher inherent contents of volatile, 

alkali and alkaline earth metals make the higher reactivity for the LRCs [24,117,118]. It 

leads to the better application of LRCs in the pyrolysis and gasification process. Currently, 

the LRCs are mainly used in thermal power plants for local electricity generation [119]. 

However, coal utilization is growing as a key in chemical industries, as raw material for 

coking, methanol, ammonia, dimethyl ether, olefin, etc [120]. 

The total Hungarian coal proved reservoir has been about 2909 million tonnes, till 

the end of 2019 [107]. From which, the LRCs are accounted for nearly 90.5% of the total 

Hungarian coal reservoir. These coal types (brown coal and sub-bituminous) are distributed 

mainly in Trans-Danubian and North-East coal basins in Hungary [121]. The properties of 

these LRCs are very high sulphur and moisture content, as well as a very low heating value 

[122]. 

In Hungary, coal is used mainly in the energy sector, sharing 17% of the national 

gross electricity generation in 2010 [123]. However, the investigation into the gasification 

of Hungarian low-rank coal is an attractive field in terms of the multi-purpose transformation 

for cleaner production in recent years. A. Pettinau et al. [122] carried out experiments on 

Hungarian low-rank coal in both lab-scale and pilot-scale gasifiers. In this study, the brown 

coal was collected in the North-East coal basin in Hungary, with 13.78÷20.48 MJ/kg of 

lower heating value (LHV) and 31.1÷38 %wt. of carbon content in the dry basis sample. The 

lab-scale gasifier was made of resistant steel pipe within 80 mm of inner diameter and 1200 

mm of effective length at the University of Miskolc. The gasifier temperature was set at 

800 °C by an external electrical heater. The steam flow rate was supplied at the rate of 5.2 
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g/min and pressure at 0.3 MPa after the drying and devolatilization process. In each 

experiment, there was 2.5 kg of coal fed into the gasifier. During the steam gasification 

period, the average gas production was 0.3 m3/h. The H2 content varied from 60 to 70 V/V%., 

while the CO and CO2 content were below 20% in gasification time. With the mixing of 

oxygen and steam, the oxygen was fed from the bottom of the gasifier with a flow rate of 

300÷350 dm3/min. It was observed that the CO content was dominant between 35 and 40 

V/V% and followed by H2 at around 35 V/V%. Regarding the pilot gasification process, it 

was carried out in the Sotacarbo pilot platform, in Italy. With the experiments in air blown 

up-draft gasifier, there were about 24-25 kg/g of raw synthesis gas produced within the 

feeding rate at 11 kg/h of raw Hungarian low-rank coal. The LHV of syngas was 3.55 MJ/kg. 

The results observed that the cold gas and hot gas efficiency reached a high level, 

approximately 95-99 % of cold gas efficiency and 93-97 % of hot gas efficiency. 

Furthermore, this research noted that the fixed bed gasifier is more suitable for the Hungarian 

low-rank coal type in the energetic term.  

L. Bokányi and Á. Pintér-Móricz [121] investigated the plasma gasification 

conditions with/without air addition. The gasifier has 38 cm of inner diameter and 52 cm of 

height with a capacity of 30 kVA. The Borsod brown coal was used in these experiments, 

with very high moisture content at 27 wt%. and the LHV at 15.44 MJ/kg. The results were 

presented that the H2 and CO content was higher in the case of using O2 addition than that 

without O2. It led to the higher heating value of the synthesis gas when the O2 was used as a 

reactant in a plasma gasifier. It was also noted that there was a possibility to convert 97.2 % 

of the carbon content into carbon monoxide in the synthesis gas. This study concluded that 

the Borsod brown coal can be efficiently transformed into the synthesis gas within the 

plasma gasifier with O2 addition. It can clearly be seen that there is a gap in the detail of the 

gasification experiments of Hungarian low-rank coal. The effects of gasification operation 

conditions, reactants, as well as optimisation conditions in the gasification process for the 

specific application of synthesis gas need to be investigated in greater depth. 

2.7. Scientific gaps and objects of research 

The previous studies on the gasification process of Hungarian low-rank coals have 

identified a scientific gap in investigating the synergy effects of gasification temperature and 

steam-to-carbon (S/C [mol/mol]) ratio on both the gasification products and syngas 

composition. 
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Although several concepts of single-line multi-stage gasification processes have been 

developed since the 1990s, these studies primarily focused on reducing tar formation during 

biomass gasification in multi-stage reactors. The produced gas was predominantly used for 

combined heat and power systems.  Consequently, the existing knowledge gap is the 

performance of the multi-stage gasification process for low-rank coals, specifically in 

achieving the desired H2/CO ratio suitable for chemical applications. The general objective 

of this study is to increase the knowledge of a new advanced process of multi-stage fixed 

bed gasification using steam as the reactant.  

Specific objectives are: 

• Full demonstration of multi-stage fixed bed gasification with the continuous 

fuel line. 

• To study the effects of gasification temperature on the multi-stage gasification 

process, such as gasification products, syngas quality, carbon conversion, as 

well as gasification efficiency. 

• To study the effects of steam flow rate on the multi-stage gasification process, 

such as gas quality, tar content, carbon conversion, as well as gasification 

efficiency. 

• To generate the optimisation conditions of the operation parameters for 

H2/CO ratio. 

• To examine the gasification performance of coal samples from gravity 

separation process. 
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3. Material and experimental apparatuses  

In this chapter, the coal sample preparation and general analysis are first described. 

It is followed by the depiction of a single-line multi-stage gasification process in detail. 

Methods of sampling, analysis, and data processing are also introduced in this chapter.  

3.1. Determination of the characteristics of starting material  

3.1.1. Sampling method 

In this study, the raw Hungarian low-rank coal was supplied by the Ormosszén Zrt. 

from their mining site in Felsőnyárád, Hungary. The diameter of the coal particle was 10-20 

mm. Initially, the coal sample was dried for 7 days at ambient temperatures. After that, they 

were stored in different packages for further experiments. The coal sample is exhibited in 

Figure 3-1. 

 

Figure 3-1. Hungarian low-rank coal sample 

3 kg of raw coal particles were randomly collected from the coal packages for general 

analysis. The raw coal particles were crushed into small size coarse particles with a size 

distribution between 1 to 3 mm and manually blended into a relatively homogeneous 

mixture. In order to reduce a large amount of coarse coal sample to a suitable volume for 

pulverising process, in this case, the quartering method was used for the sub-sampling 

process. The large volume of coarse coal sample was poured into the cone shape, which was 

then flattened to form a disc (Figure 3-2). Then, the sample was divided into four quarters, 
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from which two opposite quarters were removed. The quartering method can be repeated 

until the sample reaches the desired sample mass.  

For the general analysis, such as heating value analysis, elemental analysis, and 

thermal analysis, the requirement of particle size is under 212 µm. The coal samples were 

milled by a planetary ball pulveriser (the Planetary Mono Mill PULVERISETTE 6) at 300 

RPM within 3 minutes and separated with a 0.2 mm mesh size sieve. The ball milling 

equipment is illustrated in Figure 3-3. 

 

 

Figure 3-2. Sampling process for general analysis 

 

Figure 3-3. Planetary ball pulveriser- Fritsch 
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3.1.2. Heating value analysis 

Heating value is an important characteristic of fuels in the energy conversion 

process, it is the amount of heat released in the complete combustion process of a unit 

quantity of fuel and its products. High heating value (HHV) or gross calorific value (GCV), 

is a type of heating value, determined by measuring the heat released when coal is burned in 

a constant volume calorimeter, with an initial oxygen pressure of 2 to 4 MPa, and when the 

combustion products are cooled to a final temperature between 20 and 35 ºC [124]. The high 

heating values of the brown coal samples were determined by a Parr 6200 Isoperibol 

Calorimeter type analyser (Figure 3-4), using the ISO 1928:2009 - Solid mineral fuels - 

Determination of gross calorific value by the bomb calorimetric method and calculation of net calorific value 

standard [125]. 

 

Figure 3-4. Isoperibol Calorimeter-Parr 6200 

3.1.3. Elemental analysis 

Elemental analysis (ultimate analysis) is the determination of the mass percentage of 

carbon, hydrogen, sulphur, nitrogen, and oxygen content. Carbon content should include 

organic carbon and any carbon as mineral carbonate. Hydrogen content is composed of the 

hydrogen in the organic material and moisture content within the coal. Sulphur content can 

be presented as organic sulphur, inorganic sulphides, and inorganic sulphates [126]. The 

moisture and ash contents also have to be measured to be able to refer to the appropriate 
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basis (ar – air dry, db – dry basis, and daf – dry and ash-free). In this scope, the elemental 

composition of coal was examined under a standard of ISO 29541:2010 Solid mineral fuels - 

Determination of total carbon, hydrogen and nitrogen content - Instrumental method [127] with a Carlo Erba 

EA 1108 elementalt analyser (Figure 3-5). 

 

Figure 3-5. Elemental analyser-Carlo Erba EA 1108 

3.1.4. Thermal analysis 

The proximate analysis is one of general analysis, to describe the weight percentage 

of moisture, volatile, fixed carbon, and ash contents. An alternative less time-consuming 

method for proximate analysis is thermogravimetry. Thermogravimetry (TG) is a technique, 

in which the change in the sample mass is expressed in time or temperature when the furnace 

is heated up within an inert or an oxidant atmosphere. Derivative thermogravimetry (DTG) 

is a type of thermal analysis to illustrate the rate of change in the sample weight by 

temperature. In this research, thermal analysis is performed in a MOM Derivatograph-C type 

(Figure 3-6), with a maximum operating temperature of 1500 ºC. In this case, the oxidant 

and non-oxidant atmospheres are switched within the testing process. In the first stage 

moisture content release is heated up to a temperature of 110 ºC in a non-oxidant atmosphere 

where is held for up to 40 minutes. Then, the temperature is ramped to 900 ºC and held up 

for 40 minutes. The goal of this stage is the release of volatiles. This stage is followed by the 

switching of the atmosphere from inert to oxidant to burn out the fixed carbon content. After 

the completed combustion, the rest of the sample weight is the ash content.  
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Figure 3-6. Thermogravimetric analyser-MOM Derivatograph-C 

3.1.5. Ash fusion temperature analysis 

The ash fusion temperature analysis defines the temperature of the ash melting 

process when the ash sample transforms from the solid state to the liquid state. In this 

research, the ash fusion temperature analysis is conducted under a standard of ISO 540:2008, 

Hard coal and coke — Determination of ash fusibility [128], with an SYLAB IF-2000G 

analyser (Figure 3-7), the maximum operating temperature at 1550 ºC.  

 

Figure 3-7. Ash fusion analyser-SYLAB IF-2000G 

3.1.6. Specific surface area and X-ray fluorescence (XRF) analysis 

The specific surface area of coal samples was determined based on the Brunauer-

Emmett Teller (BET) technique, using a Micromeritics Tristar 3000 instrument at the 
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University of Miskolc. The oxide compositions of the sample were determined by an X-ray 

fluorescence spectrometer (Fischerscope X-ray XDAL spectrometer) at the University of 

Miskolc. 

3.2. Gravity separation process 

The primary objective of coal cleaning is to separate combustible organic materials 

from inorganic gangue minerals, which offers two benefits: (i) it enhances the quality of coal 

by increasing its heating value, and (ii) it curbs environmental emissions during combustion. 

Separation techniques can be broadly classified into gravity separation, flotation, and 

magnetic and electrical separation processes [129]. Among these, gravity separation is the 

most used method due to its simplicity, affordability, and high efficiency.  

In this study, the separation process of the original low-rank coal sample was carried 

out with a laboratory-scale separator at the Faculty of Earth and Environmental Sciences and 

Engineering, University of Miskolc. The magnetite suspension fluid was utilized in this 

process to separate the coal samples into two distinct fractions. The lighter fraction had a 

density lower than 1.60 g/cm3- marked as the C1 sample, while the heavier fraction had a 

density in the range of 1.60 to 1.80 g/cm3- marked as the C2 sample. The schematic diagram 

of the separator is illustrated in Figure 3-8. 

 

Figure 3-8. Gravity separation process 

To initiate the separation process, 25 liters of magnetite suspension liquid, with a 

specific density of 1.60 g/cm3, was poured into the separator while the circulation pump was 

operational. Subsequently, 1 kg of coal mixed with the suspension liquid was added to the 

primary tank of the separator. The process continued until no further lighter samples floated 
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up and flowed to the secondary tank. Once the lighter samples were successful separated, 

the separator was stopped, and the tanks were removed to collect the samples inside. At this 

stage of the separation process, the coal sample was separated into two fractions, the first 

fraction, denoted as C1, had a specific density below 1.6 g/cm3, while the second fraction 

had a specific density higher than 1.6 g/cm3. The second fraction was prepared for the second 

stage of the separation process with the specific density of suspension liquid of 1.8 g/cm3. 

Similarly, after the completion of the second stage, two coal fractions were obtained: a 

fraction with a specific density between 1.6 g/cm3 and 1.8 g/cm3, referred to as C2, and 

another fraction with a specific density higher than 1.8 g/cm3. The coal fraction with a 

specific density higher than 1.8 g/cm3 was not utilized for the experiments as it likely 

contained rocks or shaling (gangue). Following separation, these samples (C1 and C2) were 

dried in an oven drier. The separation process was repeated until the required volume of 

sample was obtained. After separation process, the weight fractions of C1, C2, and gangue 

samples were 65, 15, and 20 wt%, respectively. The gangue sample with the ash content 

around 82 wt% did not examined further. Photographs of C1 and C2 samples are presented 

in Figure 3-9. 

 

Figure 3-9. C1 and C2 samples 

3.3. Multi-stage gasification apparatuses and experimental procedure 

The design and construction of the single-line multi-stage gasifier started in 2020. 

The first trial operation was in September 2021. Both the construction and the operation of 

the multi-stage gasifier have required a large contribution from the people of the former 

Institute of Energy and Quality, University of Miskolc.  
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3.3.1. The single-line multi-stage gasification system 

The whole system as shown in Figure 3-10 has been constructed at the University of 

Miskolc, and experiments have been performed by the former Institute of Energy and 

Quality.  

 

Figure 3-10. Multi-stage gasification system at the University of Miskolc, Hungary 

The schematic diagram of the single-line multi-stage gasification process is 

demonstrated in Figure 3-11. This system is installed in a 6 m2 area and 3.40 m of height. 

The multi-stage gasification system can preliminarily be grouped into three parts, up-stream, 

down-stream, and control parts. The upstream part includes the fuel feeding system, reactors, 

electrical heaters, steam generator, and ash collecting system. The downstream part involves 

the tar collecting system, venturi washer, gas meter, and gas analyser. The control part is 

used for the automation of the gasification system, as well as the data logging during the 

gasification process. The main controlled devices are the motors, the steam generator, and 

the electrical heaters. While the main input parameters are the temperatures along with 

reactors, the synthesis gas flow rate, the synthesis gas pressure, the water flow rate and 
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pressure in the venturi scrubber, and the synthesis gas composition from the gas analyser. 

There are seven separate electrical heaters installed along the whole gasifier. This helps to 

operate at different temperatures at each segment of the reactor during the gasification 

process. 

 

Figure 3-11. Schematic diagram of the multi-stage gasification system 

3.3.2. Up-stream part 

The up-stream part includes the fuel feeding system, reactors, electrical heaters, 

steam generator, and ash collecting system. 

3.3.2.1. Fuel feeding system 

The starting material is fed into a fuel hopper that is located on the top of the 1st 

reactor, as shown in Figure 3-12. The fuel hopper has a cone shape with 5.60 dm3 of total 

capacity. The connecting pipe and fuel transport pipe is made of heat-resistant steel with 88 

mm of outer diameter and 80 mm of inner diameter. The starting material will slowly be 

transported to the auger conveyor through a connecting pipe and fed into the 1 st reactor. To 

separate the gasifier from the ambient environment (synthesis gas – ambient air) the feeding 

system was equipped with two pneumatic valves that operate in a defined sequence by a 

Programmable logic controller (PLC). In this multi-stage gasification system, the gasifier is 

a moving-bed type using auger conveyors (Figure 3-12-right). The rotation of the auger 



43 

 

conveyor is operated through individual electric motors, installed in the fuel feeding system, 

the 1st reactor, the 2nd reactor, and the ash handling system. The movement speed of the 

material is adjusted through the speed of motors, they are controlled through the main control 

panel.  

 

Figure 3-12. Fuel feeding system 

3.3.2.2. Reactors and electrical heaters 

In the multi-stage gasification system, the gasifier is individually separated into the 

pyrolysis stage and reduction stage. This will help to improve the gasification efficiency in 

each stage, as well as the fine-tuning of H2/CO ratio during the gasification process. As 

shown in Figure 3-13, the gasifier is in an “L” shape. Where, the 1st and 2nd stages are for 

the pyrolysis and reduction processes, respectively. The 1st stage is placed in a vertical 

direction, while the second one is placed in a horizontal direction. The 1st and 2nd stages are 

connected by a flange. There is a steam inlet at the connection section for the gasification 

process (at the end of 1st reactor). 

The gasifier is made of heat-resistant steel with 100 mm of outer diameter and 80 mm 

of inner diameter in both stages. The effective length is 1600 mm in each stage and is covered 

by the electrical heaters. The fuel is transported by the auger conveyor in both stages to 

prevent the blockage of fuel during the gasification process.  

There are 7 electrical ceramic band heaters used to provide the heat required for the 

gasification process (both pyrolysis and reduction stages), as shown in Figure 3-14. These 

electrical heaters are individually controlled to reach the optimal temperature for each stage. 

This heater type has several benefits. Firstly, the diameter of the heater can be adjusted with 

the diameter of the reactor. It helps to reduce the heat loss during the experiments, as well 
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as the temperature difference at both ends of the heater. There are three individual heaters 

arranged along each reactor and one at the connecting section. This improves the flexibility 

in the initial temperature selection for the experiment. Additionally, the length of the heater 

can be customized to fit the specific area. Each electrical ceramic band heater is connected 

individually with a solid-state relay. A solid-state relay is regulated through a PID controller. 

These PID controllers are also communicated with the main PLC. 

 

Figure 3-13. The 1st and 2nd reactors 

 

Figure 3-14. Electrical ceramic band heaters 

During the gasification process, the gasification temperature along the 1 st and 2nd 

stages will be indicated in the main control screen through the main process controller. The 
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temperature data will be also recorded for further analysis. The temperatures are recorded 

using K-type thermocouples with 1.0 mm of 310 stainless steel sheath, as illustrated in 

Figure 3-15. 

 

Figure 3-15. Thermocouple and mounting point 

3.3.2.3. Steam generator 

In the gasification process, there are several common gasification reactants used such 

as air, steam, oxygen, carbon dioxide, or their combination. With the in-situ control of H2/CO 

ratio during the gasification process, the utilisation of steam is dominant compared to the 

other reactants. The steam generator is illustrated in Figure 3-16. 

 

Figure 3-16. Steam generator 
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The schematic diagram of steam generator is described in Figure 3-17. The heat 

demand for the evaporation process is provided by three electrical resistance heaters, with 

600 W of electrical power for each heater. The temperature of the heating coil is regulated 

through a PID controller. The distilled water is transported to the heating coil by a peristaltic 

pump, which is driven by a stepper motor. While the speed of the stepper motor is controlled 

by a stepper motor driver and the main control panel. The flow rate of steam varies from 1 

to 20 g/min at ambient pressure. The temperature of steam can be retained at 300 °C during 

the experiment period. 

 

Figure 3-17. Schematic diagram of the steam generator 

3.3.2.4. Ash collecting system 

After the gasification process, the gasification char will be collected and weighted for 

further analysis. The gasification char collecting system is installed at the end of the 2nd stage 

gasifier, as demonstrated in Figure 3-18.  

The gasification char will be transported by an auger conveyor to the char collector. 

At the char collector, there are two pneumatic valves installed in series to separate the 

gasifier from the ambient air. Like the fuel feeding system and gasifier, the body of the ash 

collecting system is also made from heat-resistant steel. The outer and inner diameters are 

88 and 80 mm, respectively. The moving of the gasification char is indicated by the red dash-

line. 
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Figure 3-18. Ash collecting system 

3.3.3. Down-stream system 

The gasification products include the gasification char and the high temperature 

gasification gas. This gas is mainly composed of H2, CO, CO2, CH4 and impurities. These 

impurities can be listed as fly ash and condensate ingredients (tar, steam) at low 

temperatures. After the gasification process in the 2nd stage, the synthesis gas passes through 

the downstream system. The schematic diagram of the downstream system is described in 

Figure 3-19.  

The heat exchanger is used to cool down the synthesis gas and remove the 

condensates like tar and steam and particle content. The condensates are collected in a small 

vessel located below the heat exchanger. And then, the synthesis gas passes through the 

venturi scrubber to remove the residual solid particles and tar content. In addition, the venturi 

scrubber also helps to retain a continuous stream of synthesis gas from the gasifier to the 

burner. The scrubbing liquid is water, that will be circled to create a close loop in the venturi 

scrubber.  To prevent the impurities from the scrubbing liquid barrel from entering the 

nozzle, the scrubbing water will be filtered. Two parallel water filters are installed in the 
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system, that can be separately operated and changed if required during the gasification 

experiment. After the scrubbing process, the synthesis gas is passed through a cotton filter 

before entering the gas meter. After the gas meter is located a sampling stub for the gas 

analyser. Finally, the synthesis gas will be burned with a combustion torch. 

 

 

Figure 3-19. Schematic diagram of down-stream system 

3.3.4. Programable logic controller 

The gasification system is controlled by a programable logic controller. The PLC is 

responsible for the operation of the main components, as well as for the measurement and 

storage of operating data. The controlled objects can be listed as the motors, the electrical 

heaters, the steam generator, and the water pump. The gasification temperature, the syngas 

pressure, the syngas composition, the syngas volume, as well as the total energy 

consumption, will be indicated and saved during experiments. The main control system is 

illustrated in Figure 3-20. 

In Figure 3-20, the left side presents the power supply switch, emergency switch, 

control screen, and seven PID controllers. While the electrical components are shown on the 
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right-hand side of the picture. The first row includes a 3-phase circuit breaker (Schneider-

MCB C32) for the main power supply, a power meter (Tracon electric-TVOF37), and several 

1-phase circuit breakers (the power supply for the electrical heater, motors, and other 

components; Schneider-MCB C25 and C6). In the second row (from the left to the right-

hand side), it has a negative and ground terminal, 3 contactors for the control of electrical 

heaters and motors (Schneider LC1D32 and LC1D256), a 5 V DC supplier (Weidmüller CP 

SNT 25W), and 12 V DC supplier (Weidmüller Pro Eco 120W). In the 3rd row, there are a 

24V DC supplier (Wago 787-732) and a PLC (Wago 750-8102).  

 

 

Figure 3-20. Programable logic controller 

In the 4th, 5th, and 6th rows, the electrical components are used for the operation of 4 

motors in the gasification system. To prevent the overheating of motors during the 

experiments, there are 4 temperature monitoring relays installed in the 4 th row (from the left-

hand side) (ELKO EP-TER-7). There are 4 variable-frequency drives-VFD (Delta-VFD-EL) 
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and 4 manual motor starters (ABB-MS-116) assembled in the 5th and 6th row, respectively. 

The final row includes terminals for the power and control cables to the controlled objects, as 

well as the input data cables. 

3.3.5. Experiment procedure and method of data processing. 

3.3.5.1. Experiment procedure 

In each experiment, the reactors were heated up to the desired temperature. When the 

reactor reached the set temperature, the starting material was fed from the fuel hopper to the 

first stage of the gasifier through a screw conveyor. In the first stage of the gasifier, the 

pyrolysis process was carried out. Following, the pyrolysis char and gas flowed through to 

the second stage of the gasifier. In the second stage, the steam was introduced into the 

gasifier for the reduction reactions. The ash produced from the gasification then was 

collected in the ash collector. After the gasification process took place, the synthesis gas 

entered the downstream section. In this section, the removal of tar and particle content took 

place within the heat exchanger and the venturi scrubber. In the heat exchanger, the synthesis 

gas was cooled down to collect the condensable components from the produced synthesis 

gas. The venturi scrubber was mainly used to control the flow rate of synthesis gas and to 

separate the remaining particles and volatiles from synthesis gas. In the venturi scrubber, the 

scrubbing water from the bottom of the water tank was pumped through a water filter to 

remove large size particles before entering the spaying nozzle. The high pressure ensures the 

atomizing of the washing liquid, which then is turbulently mixed at the throat section of the 

scrubber with the synthesis gas. In addition, the high-pressure spray of scrubbing liquid 

creates a vacuum at the gas inlet of the scrubber. Therefore, through the regulation of the 

liquid pressure in the venturi scrubber, we can set the pressure within the reactor. Finally, 

the dry synthesis gas passes through the gas meter and is combusted in a burner.  

During the experiments, the condensate liquid and char yield was collected and 

weighed every hour for further analysis. During the gasification process, the temperature of 

the gasifier was independently regulated for the first and second stages by the controller. The 

steam flow rate was also controlled through the main control panel. While the temperature 

along the gasifier, as well as the volume flow rate of synthesis gas, were recorded and 

monitored by the PLC.  
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3.3.5.2. Syngas composition analysis 

During the experiments, the synthesis gas composition was in-situ analysed with a 

GASBOARD- 3100P gas analyser, as shown in Figure 3-21.  

 

Figure 3-21. Syngas analyser-GASBOARD-3100P 

Table 3-1. Technical index of syngas analyser 

Composition 

Measur-

ement 

range (%) 

Resolution 

(%) 

Linear 

error 

(%FS) 

Repeatabil

ity 

(%) 

Zero drift 

(%FS) 

Span drift 

(%FS) 

Response 

time 

(s) 

CO 0÷100 0.01 ±2 ±1 ±2 ±2 ≤15 

CO2 0÷100 0.01 ±2 ±1 ±2 ±2 ≤15 

CH4 0÷40 0.01 ±2 ±1 ±2 ±2 ≤15 

CnHm 0÷20 0.01 ±2 ±1 ±2 ±2 ≤15 

H2 0÷100 0.01 ±3 ±1 ±3 ±3 ≤30 

O2 0÷25 0.01 ±3 ±1 ±3 ±3 ≤60 

The synthesis gas composition of CO, CO2, CH4 and CnHm was measured within a 

non-dispersive infrared sensor (NDIR sensor). The H2 concentration was determined by a 

thermal conductivity detector (TCD sensor), while the O2 concentration was evaluated by an 

electron capture detector (ECD sensor). The technical index of the syngas analyser is shown 

in Table 3-1. To prevent the moisture, particle, and tar contents from entering the syngas 

analyser, the syngas had to pass through a series of gas filters before entering the syngas 

analyser. The gas filters included a cotton filter, a silica gel filter, and an activated carbon 

fibre filter. 
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3.3.5.3. Data processing  

Based on the measured flow rate of synthesis gas, synthesis gas composition and 

characteristics of starting material, the following factors that influence the performance of 

the gasification process were calculated:  

- Dry syngas yield- Y (Nm3/kgcoal) 

- The low heating value of syngas- LHVsyngas (MJ/Nm3) 

- Carbon conversion efficiency- CCE (%) 

- Cold gas efficiency- CGE (%) 

Dry syngas yield- Y (Nm3/kgcoal) 

The volume flow rate of dry syngas (�̇�-Nm3/h) was measured by a gas meter. The 

dry syngas yield was calculated by dividing the volume flow rate of dry syngas by the mass 

flow rate of starting material (�̇�-kg/h), as given in equation-(3-1):  

𝑌 =
�̇�

�̇�
 (

𝑁𝑚3

𝑘𝑔𝑐𝑜𝑎𝑙
) (3-1) 

The low heating value of syngas- LHVsyngas (MJ/Nm3) 

The low heating value of dry syngas was determined using the following equation: 

LHVsyngas =

(H2 ∗ 10.798 + CO ∗ 12.636 + CH4 ∗ 35.818)

100
 (

MJ

Nm3
)

 (3-2) 

in which, H2, CO and CH4 are volume concentrations of components in synthesis gas 

(V/V%).  

Carbon conversion efficiency- CCE (%) 

The carbon conversion efficiency (CCE) of the gasification process was calculated 

by:  

CCE(%) = (
12 ∗ Y ∗ (CO + CO2 + CH4)

22.40 ∗ C%
) ∗ 100 (3-3) 

where C% is the carbon content of the starting material (wt%). 

Cold gas efficiency- CGE (%) 

The cold gas efficiency (CGE) of the gasification process was determined by:  

CGE(%) = (
LHVsyngas ∗ Y

LHVcoal
) ∗ 100 (3-4) 

where LHVcoal is the low heating value of starting material (MJ/kg). 
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4. The effects of gasification temperature and steam-to-carbon (S/C) ratio 

on the multi-stage gasification process of low rank coal from Hungary 

This chapter discusses the findings of experiments conducted on the multi-stage 

gasification of low rank coal from Felsőnyárád, Hungary using pure steam as a reactant. 

Specifically, it examines the impact of the gasification temperature in the 2nd stage and the 

S/C ratio on various aspects, including gasification products, syngas composition, 

gasification performance, and residual solid char characteristics.   

4.1. Experimental parameters 

The experiments involved varying the gasification temperatures and steam flow rates 

while maintaining a constant mass flow rate of coal. The pyrolysis temperatures were kept 

constant at 300 ℃ at the 1st electrical heater and 600 ℃ at the 2nd electrical heater. The steam 

flow rate was determined based on the S/C ratio, which is calculated by dividing the total 

number of water molecules by the total number of carbon molecules in the feed coal, 

excluding the carbon content that reacts with oxygen during the gasification process. The 

experimental conditions are summarized in Table 4-1. 

Table 4-1. Experimental conditions for gasification of raw brown coal 

Mass flow 

rate of coal 

Gasification 

temperature 
S/C ratio 

Steam flow 

rate 

Time of 

experiment 

g/h ℃ mol/mol g/min days 

1084 700 

0.75 4.5  3 

1.00 6.7 3 

1.25 8.8 3 

1084 800 

0.75 4.5 3 

1.00 6.7 3 

1.25 8.8 3 

1084 900 

0.75 4.5 3 

1.00 6.7 3 

1.25 8.8 3 

In the previous research, I conducted the gasification experiment in a non-moving 

fixed bed gasifier with the same type of coal. The experiment was carried out initially with 

3 kg of coal at the gasification temperatures of 700, 800, and 900 ℃ and along with different 

steam flow rates of 5, 7.5, and 10 g/min. These steam flow rates corresponded to S/C ratios 

of 0.9, 1.3, and 1.8, respectively. After introduction of steam, the reduction process took 

approximately 200 to 250 minutes, approximately 60 to 80 minutes for 1000 g of coal if a 

linear reaction is approximated along the reactor tube. Therefore, for the subsequent multi-
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stage gasification experiment, a desired mass flow rate was 1000 g/h. On the other hand, the 

feeding volume of fuel feeder is 1 L, and it took roughly 40 minutes to transport 1 L of fuel 

into the reactor. Considering that 1 L of the original coal weighed approximately 720 g, 

consequently, the calculated mass flow rate was around 1084 g/h. The results of the 

experiment revealed that the dry syngas yield increased slightly as the S/C ratio rose from 

1.3 to 1.8. However, the volume fraction of H2 decreased under the same conditions. 

Furthermore, the condensate liquid yields were significantly higher at a S/C ratio of 1.8. 

Therefore, the S/C ratios chosen for the experiment of the multi-stage gasification process 

in my research were indicated in Table 4-1 

4.2. Characteristics of coal sample 

The results of the proximate analysis were determined by the thermogravimetric 

analysis. The TG, DTG, and DTA curves as a function of temperature and time during 

thermogravimetric analysis are illustrated in Figure 4-1. 

The initial weight loss was achieved during the first heating of the coal sample 

between 50 and 110 ℃, due to the evaporation of moisture content. It reflected in an 

intensive endothermic peak in the DTA profile at 101.94 ℃. The second weight loss was 

attributed to the devolatilization process that occurred after the evaporation process. The first 

exothermic peak in the DTA profile was observed at 837 ℃, and it was related to the self-

combustion of the released gas during the devolatilization process. The final weight loss was 

attributed to the combustion process of the fixed carbon content when switching from an N2 

ambient to an air ambient. Based on the variation of the TG profile, the moisture, volatile, 

fixed carbon, and ash contents were calculated, and the results are shown in Table 4-2. 

The properties of brown coal samples were characterized by elemental and proximate 

analyses, as well as heating values. The properties of brown coal samples were determined 

on an as-received basis, as reported in Table 4-2.  

The most significant elemental component, carbon, accounted for 35.60 wt%, which 

is comparable to previous research on coal samples from the same coal basin, such as 35.80 

wt% on a dry basis for coal samples from Borsod coal basin [130], and 24.43 and 31.75 wt% 

on the as-received basis for coal samples from the North-East brown coal basin [122]. The 

oxygen content in the brown coal sample was high, at 25.14 wt%, which contributed to its 

relatively low value of heating content. The low heating value of the coal sample was 14.02 
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MJ/kg. The sulphur, hydrogen, and nitrogen contents were 3.07, 3.39, and 0.72 wt%, 

respectively.  

 

Figure 4-1. TG, DTG, and DTA profiles of low-rank coal sample 

Table 4-2. Elemental, proximate and heating value analyses 

Elemental analysis (as-received basis) Proximate analysis (as-received basis) 

N 0.72 

wt% 

Moisture 10.37 

wt% 

C 35.60 Volatile 32.33 

H 3.39 Fixed carbon 25.22 

S 3.07 Ash 32.08 

O (by diif.) 25.14   

Heating value analysis 

Higher heating value 15.03 
MJ/kg 

  

Lower heating value 14.02   

The results of ash fusion analysis are presented in Figure 4-2, which shows the 

different temperatures at which the sample shape changes. The initial deformation 

temperature is the temperature at which the rounding of the edges occurs. At the softening 

temperature, the sample shape forms a spherical lump. The hemispherical temperature is the 

temperature at which the sample shape fuses down to a hemispherical lump. Fluid 

temperature is the temperature at which the sample shape is spread out in a layer. In this 
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study, the initial deformation, softening, hemispherical, and fluid temperatures were 

determined to be 1170, 1280, 1320, and 1360 ℃, respectively. With the initial deformation 

temperature of 1170 ℃, the chosen gasification temperatures of 700, 800, and 900 ℃ were 

suitable for the gasification process under the chemical reaction control. 

 

 

Figure 4-2. Ash fusion analysis of low-rank coal sample 

4.3. Data monitoring of a typical experimental day 

This section discusses the data for a typical experimental day on 30th, November 

2022. In this experiment, the gasification temperature was at 900 ℃ and the S/C ratio was 

1.25. Throughout the experiment, various parameters such as the inside temperature of the 

reactor, the scrubber water pressure, the suction pressure at the gas inlet of the venturi 

scrubber, the synthesis gas volume and the synthesis gas composition were continuously 

recorded in real-time.  

The inside temperatures along the gasifier were depicted in Figure 4-3. Before the 

gasification period, the gasifier was heated up by the electrical heaters without the feeding 

of coal and steam. The heat required for the pyrolysis stage was supplied by the 1st and 2nd 

electrical heaters (Figure 3-11) and set at 300 and 600 ℃, respectively. The inside 

temperatures along the pyrolysis stage were indicated by the 1st and 2nd thermocouples (TC1 

and TC2). At the end of the heating-up period, TC1 and TC2 were around 230 and 575 ℃, 

which were lower than the setting values of electrical heaters. This could be explained by 

the fact that the mounting points of TC1 and TC2 are at the ends of heaters, therefore, there 

was a difference between the temperature at the middle of the electrical heater and 

thermocouple.  

The temperatures along the 2nd stage were designated by TC3, TC5, and TC6. The 

mounting point of TC3 is above the 3rd electrical heater, resulting in a temperature of around 
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880 ℃ instead of 900 ℃. In the meantime, the TC5 and TC6 showed 900 ℃. The 

temperature of the syngas before leaving the gasifier was recorded by TC8. After the feeding 

of coal and steam, there was a slight decrease in the temperature at TC1 and a steep increase 

in the temperature at TC8 due to the generation process of syngas. After 90 minutes 

following the steam introduction, the temperatures stabilized along the gasifier.  

 

Figure 4-3. The inside temperature profiles along the gasifier 

 
Figure 4-4. Accumulative volume and volume flow rate of dry syngas 

The accumulative volume and volume flow rate of syngas are depicted in Figure 4-4. 

After the steam introduction, the dry syngas flow rate increased rapidly and then gradually 

until it reached a stable range. In all experiments, it took from 60 to 90 minutes to reach the 

steady state after the steam feeding. In this experiment, after the steam introduction, the 

stable period was selected for analysis from 90th minute to 330th minute (4 hours). The 
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average dry syngas flow rate during this stable period was 1.22 Nm3/h. Additionally, the 

accumulation of dry syngas volume steadily increased during the stable period, indicating 

the presence of a consistent steam gasification process. The stable period was carried out for 

4 hours, after that the introduction of steam and coal was stopped. Following, the dry syngas 

flow rate immediately showed a significant decrease, highlighting the importance of the 

steam in the gasification process.  

Figure 4-5 presents the pressure at the gas inlet and scrubbing water of the venturi 

scrubber recorded throughout the experiment. During the experimental time, the scrubbing 

water pump was regulated by the PLC to maintain the suction pressure at the gas inlet of the 

venturi scrubber at -1 mbar. This ensured a continuous syngas flow from the gasifier to the 

burner, as well as providing sufficient residence time for syngas in the gasifier. Prior to the 

feeding of steam and coal, the pressure of scrubbing water was quite low due to the absence 

of syngas production. After the feeding of steam and coal, there was a significant increase 

in scrubbing water pressure to maintain the suction pressure at the gas inlet of the venturi 

scrubber. The pressure at the gas inlet of the venturi scrubber remained stable, averaging at 

-0.75 mbar without exceeding 0 mbar during the stable period. 

 

Figure 4-5. Pressure at gas inlet of venturi scrubber and pressure of scrubbing water 

Figure 4-6 illustrates the volume fraction of syngas components, including carbon 

monoxide (CO), carbon dioxide (CO2), methane (CH4), long-chain hydrocarbons (CnHm), 

hydrogen (H2), oxygen (O2), and nitrogen (N2) and other gas.  

In the heating-up period, there was only a small amount of pyrolysis gas, hence the 

N2 and O2 were dominant components. Following the introduction of coal and steam, the 

concentrations of H2, CO, and CO2 increased significantly, while those of O2 and N2 
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decreased dramatically, almost to 0 V/V% in the case of O2 and around 1.30 V/V% in the 

case of N2 and other gas. After 90 minutes, the volume fractions of syngas reached a stable 

state. During the stable period, the concentrations of the long-chain hydrocarbon (CnHm) and 

O2 in the produced gas were nearly unnoticed, which indicated the high reaction rate of the 

steam reforming reaction of the long-chain hydrocarbons in the steam gasification process. 

The N2 and other gas concentrations were under 2% during the stable period. This N2 content 

was mainly due to the air entering during the coal feeding process. H2 was the most abundant 

gas compound, accounting for around 55.50 V/V% during the stable period. Other main gas 

components were CO and CO2, around 27.55 and 13.70 V/V%, respectively. The produced 

gas also included a small amount of CH4, lower than 4.00 V/V% in this case. The average 

volume fraction of H2, CO, CO2, and CH4 reached approximately 98.54 V/V% in total. The 

graphs of syngas concentrations from other experiments can be found in Appendix 1-Graphs 

of syngas concentration. 

 

Figure 4-6. Syngas composition 

The low heating value of syngas- LHVsyngas and H2/CO ratio are shown in Figure 4-7. 

The LHVsyngas was primarily influenced by the major combustible syngas components, 

including H2, CO, and CH4, as expressed in equation (3-2). The LHVsyngas increased 

immediately after the feeding of coal and fuel, due to the increase in the H2 and CO 

concentrations. Consequently, it decreased steadily and reached a stable value of 10.22 

MJ/Nm3. The H2/CO ratio was governed by the molar fraction of H2 and CO, which varied 

within a range of 2.29÷1.79. The trial average value of the H2/CO ratio was 2.05 in this 

experiment.  
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Figure 4-7. Low heating value of syngas and H2/CO ratio 

4.4. Effects of gasification temperatures and S/C ratio on gasification products 

This section discusses the effects of gasification temperature and S/C ratio on 

gasification products, including char, liquid, and dry gas yield. The experiments were 

conducted at 700, 800, and 900 ℃ of the gasification temperature. The S/C ratio was studied 

at 0.75, 1.00, and 1.25 at each gasification temperature condition.  

4.4.1. Effects of gasification temperatures and S/C ratio on char yield 

At each gasification condition (temperature and S/C ratio), the experiment was 

conducted for at least 3 days. During the experiment, the char and condensate liquid yields 

were collected and weighed every hour for further analysis. Due to the continuous 

experiments and a slow movement of material, therefore the char and liquid yields were the 

mean value of char and condensate liquid collected during the last 3 hours on the last day at 

each experiment condition. The detail data of char and condensate liquid yields are presented 

in Appendix 2- Products of the experiments of the original coal sample. The mean value of 

char yield as a function of gasification temperature and S/C ratio is demonstrated in Figure 

4-8. 

The char yield showed a decreasing trend as the gasification temperature was 

increased from 700 to 900 ℃ across all S/C ratios. At 0.75 and 1.00 of the S/C ratios, the 

char yield declined slightly when the gasification temperature increased from 700 to 800 ℃, 

followed by a significant decrease when the gasification temperature was raised to 900 ℃. 

At an S/C ratio of 0.75, the char yield was 622.73 g/h at 700 ℃, 599.65 g/h at 800 ℃, and 
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488.27 g/h at 900℃. At 1.00 of the S/C ratio, the corresponding values were 580.87, 567.97, 

and 407.10 g/h, respectively. The lowest char yield reached 900 ℃ and 1.25 of the S/C ratio, 

approximately 373.03 g/h.  

 

Figure 4-8. The effects of gasification temperature (a) and S/C ratio (b) on char yield 

The char yield decreased when the S/C ratio increased from 0.75 to 1.25 under the 

same condition of gasification temperatures. However, in the case of 700 ℃, the char yield 

increased from 580.87 g/h to 601.10 g/h when the S/C ratio varied from 1.00 to 1.25. This 

could be attributed to the higher steam flow rate at low gasification temperature, which 

lowered the local temperature inside the gasifier, resulting in a lower conversion rate of char. 

Moreover, at higher gasification temperatures, the decrease in char yield was more 

prominent as the S/C ratio increased from 0.75 to 1.25. At 800 ℃ of gasification temperature, 

the char yield decreased by 18.08 % as the S/C ratio increased from 0.75 to 1.25, while at 

900 ℃, the decrease was by 23.61 %. 

4.4.2. Effects of gasification temperatures and S/C ratio on liquid yield 

Figure 4-9 illustrates the effects of gasification temperature and S/C ratio on the mean 

value of condensate liquid yield.  

The condensate liquid yield decreased significantly with the increase of the 

gasification temperature while maintaining the same S/C ratio. At an S/C ratio of 0.75, the 

amount of condensate liquid dropped from 327.9 g/h to 85.10 g/h at gasification 

temperatures of 700 and 900 ºC, respectively. The corresponding numbers for an S/C ratio 

of 1.25 were 432.5 g/h at 700 ºC and 269.2 g/h at 900 ºC. These findings clearly indicate a 

significant variation in the condensate liquid yield at each S/C ratio as the gasification 
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temperature increased from 700 to 900 ℃, with a decrease of 74.05 % and 37.75 % observed 

at S/C ratios of 0.25 and 1.25, respectively. 

 

Figure 4-9. The effects of gasification temperature (a) and S/C ratio (b) on condensate 

liquid yield 

At a constant gasification temperature, the greater S/C ratio resulted in a higher 

condensate liquid yield. This could be explained by the fact that a higher S/C ratio 

necessitated a greater introduction of steam quantity into the gasifier.  

4.4.3. Effects of gasification temperatures and S/C ratio on dry gas yield 

The effects of gasification temperature and S/C ratio on dry gas yield are illustrated 

in Figure 4-10. At a constant S/C ratio, the dry gas yield increased significantly with the 

increasing gasification temperature. For instance, at a gasification temperature of 700 ℃ and 

0.75 S/C ratio, the dry gas yield was only 0.41 Nm3/kgcoal. However, the dry gas yield 

increased approximately 2 times at 900 ºC of gasification temperature, reaching 0.85 

Nm3/kgcoal. The positive impact of increasing gasification temperature on dry gas yield was 

more remarkable at a higher S/C ratio. The dry gas yield generated at 900 ºC was 2.3 and 

2.6 times higher than that at 700 ºC for the S/C ratios of 1.00 and 1.25, respectively. The 

increase in dry gas yield at higher gasification temperatures could be explained by two 

aspects. Firstly, the higher gasification temperature promoted the thermal cracking 

(equation-(4-1)) and steam reforming (equation-(2-10)) reactions of the tar content 

[12,19,20]. Secondly, the endothermic reactions (Boudouard reaction-(2-4), water gas 

reaction-(2-5)) were promoted by increasing gasification temperature [39,41].  

𝑇𝑎𝑟 → 𝑙𝑖𝑔ℎ𝑡 ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛𝑠 + 𝑔𝑎𝑠𝑒𝑠  (4-1) 
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Figure 4-10. The effects of gasification temperature and S/C ratio on dry gas yield 

At constant gasification temperature, the dry gas yield increased remarkably if the 

S/C ratio increased from 0.75 to 1.00 and they increased slowly if the S/C ratio increased 

further from 1.00 to 1.25. At 700 ºC, dry gas yield decreased slightly when the S/C ratio 

increased from 1.00 to 1.25, from 0.48 Nm3/kgcoal to 0.44 Nm3/kgcoal. This means that the 

positive effects of increasing the S/C ratio on char gasification were limited at this 

temperature below the 1.25 S/C ratio. The highest dry gas yield was 1.14 Nm3/kgcoal at 900 

ºC of gasification temperature and 1.25 of S/C ratio. An increase in the dry gas yield as an 

increasing S/C ratio could be explained mainly by the introduction of higher steam quantity, 

which improved the reaction rate of water gas reaction (equation-(2-5)) [39,48,49]. 

However, the excess steam at a low temperature (in the case of 700 ℃) led to a decrease in 

the local temperature of the gasifier, consequently, the gas yield degraded [49,50]. 

4.5. Effects of gasification temperature and S/C ratio on syngas composition 

This section discusses the effects of gasification temperature and S/C ratio on syngas 

composition, the low heating value of syngas, as well as H2/CO ratio.  

4.5.1. Syngas composition 

In this study, the main components of syngas were CO, CO2, CH4, and H2, accounting 

for an average of 95÷96.30 V/V% at 700 ℃, 96.70÷97.30 V/V% at 800 ℃, and above 98 

V/V% at 900 ℃. Therefore, the discussion focuses on these gas components in this section. 

The details of the syngas composition are summarised in Appendix 3- Average syngas 

concentration from the experiments of the original coal sample, with mean, maximum, 

minimum, and standard deviation values.  
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Figure 4-11 shows the effect of gasification temperature on the volume fraction of H2 

at various S/C ratios. At a constant S/C ratio, the changes in H2 concentration did not appear 

monotonic trend when the gasification temperature increased from 700 to 900 ℃. Initially, 

it increased first and then slightly decreased. It is evident from Figure 4-11 that the influence 

of gasification temperature on H2 concentration was greater at lower S/C ratios compared to 

higher ones. For instance, at 0.75 of the S/C ratio the H2 concentration increased from 52.96 

V/V% at 700 ℃ to 55.04 V/V% at 800 ℃ and subsequently decreased to 54.03 V/V% at 

900 ℃. At 1.25 of the S/C ratio, the corresponding values were 54.29, 55.57, and 54.76 

V/V%, respectively. At a constant gasification temperature, a slight increasing trend in the 

H2 concentration was observed when the S/C ratio increased from 0.75 to 1.25 at a constant 

gasification temperature. At 700 ℃ of gasification temperature, the H2 concentration 

increased from 52.96 V/V% at 0.75 to 54.29 V/V% at 1.25 of  the S/C ratio. In the meantime, 

the increases in H2 concentration were only by 0.53 V/V% at 800 ℃ and by 0.73 V/V% at 

900 ℃ (as shown in Figure 4-11). 

 

Figure 4-11. H2 concentration as a function of gasification temperature (a) and S/C 

ratio (b) 

The influence of gasification temperature and S/C ratio on the volume fraction of CO 

is presented in Figure 4-12. At a constant S/C ratio, the volume fraction of CO increased 

significantly when the gasification temperature rose from 700 to 900 ℃. Moreover, the 

increase in CO volume fraction was relatively consistent across all S/C ratios with the 

increasing gasification temperature. For instance, at 0.75 S/C ratio, the CO volume fraction 

was 8.56 V/V% at 700 ℃ of gasification temperature, but it increased to 31.38 V/V% at 900 

℃, representing around 3.7 times higher. Similarly, in the case of 1.00 and 1.25 S/C ratio, 

the corresponding increases were 3.85 and 3.87 times higher at 900 ℃ of gasification 

temperature, respectively. At all experimental gasification temperatures, the increase in the 
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S/C ratio resulted in the decline of the CO volume fraction. When the S/C ratio increased 

from 0.75 to 1.25, the volume fraction of CO dropped from 8.56 to 7.12 V/V% at 700 ℃, 

from 22.32 to 17.52 V/V% at 800 ℃, and 31,38 to 27.55 V/V% at 900 ℃. 

 

Figure 4-12. CO concentration as a function of gasification temperature (a) and S/C 

ratio (b) 

 

Figure 4-13. CO2 concentration as a function of gasification temperature (a) and S/C 

ratio (b) 

According to the results shown in Figure 4-13, the behaviour of CO2 volume fraction 

was found to be completely opposite to that of CO volume fraction. Specifically, the CO2 

volume fraction exhibited a continuous decrease at all experimental S/C ratio conditions 

when the gasification temperature increased from 700 to 900 ℃. The magnitude of the 

decrease in CO2 volume fraction was also analogous across all S/C ratios. At 0.75 S/C ratio, 

the volume fraction of CO2 decreased by around 2.4 times within the gasification 

temperature range of 700 to 900 ℃ (from 26.12 V/V% to 10.90 V/V%). That numbers were 

2.36 and 2.05 times at 1.00 and 1.25 S/C ratios, respectively. In contrast, at a constant 

gasification temperature, increasing the S/C ratio led to an increase in the volume fraction 
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of CO2. Notably, at 700 and 900 ℃ of gasification temperature, the CO2 volume fraction 

visibly increased within the range of 1.00 to 1.25 S/C ratio, while a clear increase in CO2 

volume fraction was observed within the range of 0.75 to 1.00 S/C ratio at 800 ℃. 

Figure 4-14 reports the effects of gasification temperature and S/C ratio on CH4 

concentration, which did not exceed 8 V/V% in all experiments. As is observed in Figure 

4-14, increasing gasification temperature caused a notable decrease in the concentration of 

CH4. At 700 ℃ of gasification temperature, the CH4 concentration slightly dropped from 

7.18 V/V% at 0.75 to 6.61 V/V% at 1.25 S/C ratio. However, at 800 and 900 ℃ of 

gasification temperature, the CH4 concentration was stable as the S/C ratio increased from 

0.75 to 1.25. The lowest CH4 concentration was observed at 900 ℃ of gasification 

temperature, approximately 2.5 V/V%.  

 

Figure 4-14. CH4 concentration as a function of gasification temperature (a) and S/C 

ratio (b) 

The variation of syngas concentration could be a result of the strengthening of 

endothermic reactions (Boudouard reaction-(2-4), water gas reaction-(2-5), methane 

reforming reaction-(2-8), and tar reforming reaction-(2-10)) by increasing gasification 

temperature [11,39,41,131]. Therefore, the more CO and H2 generated and the more CO2 and 

CH4 were consumed during the gasification process. 

The water-gas shift reaction-(2-7) is an exothermic reaction, consequently, it was 

pushed backwards when the gasification temperature was higher than the equilibrium 

temperature [37,44]. Therefore, it led to a slight drop in the H2 volume fraction when the 

gasification temperature increased from 800 to 900 ºC. 

The results discussed above indicate that the higher S/C ratio increased the reaction 

rate of water gas reaction-(2-5), methane reforming reaction-(2-8), and water-gas shift 

reaction-(2-7) [50,132,133]. Therefore, there were a slight increase in the concentrations of 
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H2 and CO2 and a decrease in the concentrations of CO and CH4 as increasing in the S/C 

ratio.    

4.5.2. Lower heating value and H2/CO ratio 

The LHVsyngas is a key characteristic of syngas from an energetic point of view. The 

LHVsyngas as functions of the gasification temperature and S/C ratio is illustrated in Figure 

4-15. The LHVsyngas were calculated based on the volume fraction of combustible gases, such 

as H2, CO, and CH4, as mentioned in section 3.3.5.3. Therefore, the tendency of the curves 

of LHVsyngas was sensitive to the changes in the volume fraction of combustible gas. The 

LHVsyngas varied in a range of 9.2 to 10.7 MJ/Nm3. The volume fraction of CO increased 

significantly with an increase in the gasification temperature. It led to an increase in the 

LHVsyngas. In addition, when the S/C ratio increased, the volume fraction of CO and CH4 

decreased relatively such that the LHVsyngas showed a downward trend when the S/C ratio 

increased from 0.75 to 1.25. The highest LHVsyngas reached 10.69 MJ/Nm3 at 900 ºC of the 

gasification temperature and 0.75 S/C ratio. 

 

Figure 4-15. The lower heating value of syngas as a function of gasification temperature 

(a) and S/C ratio (b) 

Figure 4-16 depicts the effects of the gasification temperature and S/C ratio on the 

H2/CO ratio. As discussed above, the H2 concentration increased slightly when the 

gasification temperature increased from 700 to 900 ºC, while the CO concentration increased 

significantly. Consequently, the H2/CO ratio decreased with an increase in the gasification 

temperature. The H2/CO ratio was above 6 at 700 ºC and then declined to around 2 at 900 

ºC of the gasification temperature. In addition, the increase in the S/C ratio resulted in a 

decrease in CO concentration, with no significant variation in the H2 concentration. 

Therefore, the H2/CO ratio increased with the rising of the S/C ratio from 0.75 to 1.25, 
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especially at 700 ºC of the gasification temperature. At 700 ºC, the H2/CO ratio increased 

from 6.19 at 0.75 S/C ratio to 7.63 at 1.25 S/C ratio. That numbers were 1.72 and 1.99, 

respectively, at 900 ºC of the gasification temperature. 

 

Figure 4-16. H2/CO ratio as a function of gasification temperature and S/C ratio 

4.6. Effects of gasification temperatures and S/C ratio on gasification performance 

This section discusses the effects of gasification temperature and S/C ratio on 

gasification performance, including carbon conversion efficiency, cold gas efficiency, power 

consumption, and energy balance.  

4.6.1. Carbon conversion efficiency and cold gas efficiency 

Carbon conversion efficiency-CCE depends on the dry gas yield, as well as the 

volume fraction of CO, CO2, and CH4, as expressed in the equation-(3-3). When the 

gasification temperature increased from 700 to 900 ºC, the total volume fraction of CO, CO2, 

and CH4 slightly increased only by around 3 V/V% at 0.75 and 1.00 of steam ratio and by 

around 2 V/V% at 1.205 of steam ratio. Therefore, the dry gas yield played an important role 

in the change in the CCE when the gasification temperature rose from 700 to 900 ºC. As is 

observed in Figure 4-17, the increasing gasification temperature increased the CCE. The 

highest CCE was 75.32 % at 900 ºC of the gasification temperature and 1.00 S/C ratio.  

At each temperature condition, the CCE increased significantly as the increasing S/C 

ratio from 0.75 to 1.00. Then the CCE decreased slightly when the S/C ratio increased to 

1.25. At a gasification temperature of 700 ℃, the CCE was found to be 26.06 % at an S/C 

ratio of 0.75. However, the CCE increased to 30.43 % when the S/C ratio was increased to 

1.00 and decreased to 27.94 % when the S/C ratio was further increased to 1.25. Similarly, 



69 

 

at a gasification temperature of 800 ℃, there was a monotonic increase trend in the CCE. 

the CCE was 32.57 %, which increased to 43.8 % at an S/C ratio of 1.00 and further increased 

to 50.22 % at an S/C ratio of 1.25 Furthermore, at 900 ºC of the gasification temperature, the 

CCE was found to be 57.34 % at an S/C ratio of 0.75 and increased to 75.32 and 75.09 % at 

1.00 and 1.25 of the S/C ratios, respectively.  

 

Figure 4-17. Carbon conversion efficiency as a function of gasification temperature (a) 

and S/C ratio (b) 

As described in equation-(3-4), the cold gas efficiency-CGE is affected by the dry 

syngas yield and LHVsyngas. Overall, as is observed in Figure 4-18, increasing both the 

gasification temperature and S/C ratio led to higher cold gas efficiency. At 0.75 S/C ratio, 

the CGE increased from 27.57 % at 700 ℃ to 64.8 % at 900 ℃, approximately 2.5 times 

higher. In the case of 1.00 and 1.25 of the S/C ratio, the corresponding numbers were 2.6 

and 2.9 times higher, respectively.  

At a gasification temperature of 700 ℃, the increase in the S/C ratio from 0.75 to 

1.00 resulted in around a 5% increase in cold gas efficiency, while further increasing the S/C 

ratio to 1.25 only resulted in a 1% increase in cold gas efficiency. At a gasification 

temperature of 800 ℃, the cold gas efficiency increased significantly compared to 700 ℃. 

The increase in S/C ratio from 0.75 to 1.00 resulted in around a 10 % increase in cold gas 

efficiency while increasing the S/C ratio further to 1.25 resulted in only around a 7 % 

increase in cold gas efficiency. At a gasification temperature of 900 ℃, the cold gas 

efficiency was the highest among all the tested conditions. The cold gas efficiency was 

64.08, 83.43, and 83.69 % for S/C ratios of 0.75, 1.00, and 1.25, respectively.  
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Figure 4-18. Cold gas efficiency as a function of gasification temperature (a) and S/C 

ratio (b) 

4.6.2. Specific power consumption  

The effects of the gasification temperature and S/C ratio on power consumption per 

cubic meter of syngas are illustrated in Figure 4-19.  

 

Figure 4-19. Power consumption as a function of gasification temperature (b) and S/C 

ratio (a) 

The higher gasification temperature led to an increase in the dry syngas yield. 

Therefore, the specific power consumption was lower in the case of the gasification 

temperature at 900 ºC. As the S/C ratio increased from 0.75 to 1.00, the specific power 

consumption decreased drastically at all gasification temperature conditions. It can be 

explained that the higher S/C ratio resulted in a higher syngas flow rate. Although, the steam 

generator consumed more energy at a higher S/C ratio. When the S/C ratio increased from 

1.00 to 1.25, the specific power consumption decreased gradually at 800 ºC of the 

gasification temperature, from 7.89 to 6.97 kWh/Nm3, respectively. But the changes in 
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specific power consumption showed different trends at 700 and 900 ºC. At 700 ºC, the 

specific power consumption increased significantly when the S/C ratio increased from 1.00 

to 1.25, due to a decrease in the dry syngas yield. In the case of 900 ºC, the specific power 

consumption decreased slightly from 6.18 kWh/Nm3 at 1.00 S/C ratio to 6.05 kWh/Nm3 at 

1.25 S/C ratio. The lowest specific power consumption was at 900 ºC of the gasification 

temperature and 1.25 S/C ratio. 

4.7. Characteristic of condensate liquid and residual char from the gasification process 

4.7.1. Condensate liquid 

During the experimental process, the gaseous byproducts leaving the gasifier were 

subjected to condensation in the heat exchanger and the resulting liquid was collected in a 

collector located at the bottom of the heat exchanger, as described in Section 3.3.3. The 

typical volume of condensate liquid obtained for an hour from the experiments conducted 

on the original coal sample at various experimental conditions is presented in Figure 4-20.  

 

Figure 4-20. Typical condensate liquid volume per hour from the experiments of the 

original coal sample at the gasification temperature-S/C ratio: 700℃-0.75 (a), 800℃-

0.75 (b), 900℃-0.75 (c), 900℃-1.00 (d), 900℃-1.25 (e) 

The water content of the condensate liquid was determined using the Standard test 

method for water in petroleum products and bituminous materials by distillation, which 

employs toluene as a solvent [134]. However, the water content was found to be higher than 

98 V/V%, consequently, further analysis for the condensate liquid was not conducted.  

4.7.2. Residual char 

The elemental composition, ash content, and heating value of the gasification char 

samples are shown in Table 4-3. The total weight percentage can exceed 100 %, however, it 
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can be explained by the uncertainty of measurement equipment, as well as the non-

homogeneous char sample. 

Table 4-3. General analysis of residual char samples 

Gasification 

temperature 
S/C ratio  N C H S Ash HHV 

℃ (mol/mol) wt% wt% wt% wt% wt% MJ/kg 

700 

0.75 
Mean  0.52 38.41 0.66 3.83 60.88 13.08 

SD 0.04 2.95 0.04 0.26   

1.00 
Mean  0.56 42.24 0.70 4.03 54.35 15.51 

SD 0.03 1.98 0.05 0.23   

1.25 
Mean  0.47 32.58 0.61 3.71 65.47 11.54 

SD 0.04 2.63 0.04 0.45   

800 

0.75 
Mean  0.36 27.04 0.34 4.95 71.20 10.23 

SD 0.05 2.08 0.04 1.00   

1.00 
Mean  0.50 29.31 0.42 3.11 71.79 9.22 

SD 0.09 1.95 0.03 0.26   

1.25 
Mean  0.39 34.49 0.41 4.07 65.73 11.79 

SD 0.06 3.03 0.07 0.34   

900 

0.75 
Mean  0.24 21.58 0.22 5.01 80.02 7.34 

SD 0.06 1.79 0.03 0.64   

1.00 
Mean 0.02 14.86 0.11 4.42 86.32 5.29 

SD 0.01 1.13 0.06 0.27   

1.25 
Mean 0.02 12.90 0.11 4.18 90.30 4.42 

SD 0.01 1.34 0.06 0.63   

In comparison with the original coal sample, the char samples obtained at 700 ℃ of 

gasification temperature and 0.75 and 1.00 of S/C ratio had a higher concentration of C, 

while there were lower C concentrations in other samples. The N and H concentrations of 

char samples were lower than those of the original coal sample. On the other hand, the S 

concentrations increased significantly after the gasification process, ranging from 3.11 to 

5.01 wt%. It led to an essential consideration in the use of char samples in secondary 

processes.  

The concentrations of N, C, and H decreased as the gasification temperature increased 

from 700 to 900 ℃. It indicated that the higher gasification temperature promoted the 

conversion of these components. A similar trend was observed with the increasing S/C ratio 

at each experimental gasification temperature. 

The ash content increased with both increasing gasification temperature and S/C 

ratio. At 900 ℃ of gasification temperature, the ash content was higher than 80 wt%, 

representing a higher conversion at a higher gasification temperature. Notably, there was 

90.30 wt% of ash in the char sample obtained at 1.25 of S/C ratio.  
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From an energetic point of view, the char samples obtained at 700 and 800 ℃ are 

suitable for power generation processes, with the heating values ranging from 9 to 15 MJ/kg. 

In the case of the gasification temperature at 900 ℃, the higher heating values of char 

samples were only 7.34, 5.29, and 4.42 MJ/kg at 0.75, 1.00, and 1.25 of S/C ratio, 

respectively.  
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5. Multi-stage gasification of low-rank coal samples from gravity 

separation process with magnetite suspension media  

5.1. Characteristics of materials from the separation process 

The TG, DTG, and DTA curves as a function of temperature and time during 

thermogravimetric analysis are illustrated in Figure 5-1 for the C1 sample and the C2 sample. 

 

Figure 5-1. TG, DTG, and DTA profiles of Corg, C1, and C2 samples 

The results of proximate, elemental, and heating value analysis of samples from the 

separation process are presented in Table 5-1, in which Corg-the original coal sample.  
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Table 5-1. Proximate, elemental, and heating value analysis of samples (as-received basis) 

  Fuel name 

  Corg C1 C2 

Proximate 

analysis-

wt% 

Moisture 10.37 6.97 8.59 

Volatile 32.33 43.93 40.96 

Fixed carbon 25.22 35.80 32.25 

Ash 32.08 13.30 18.20 

Elemental 

analysis-

wt% 

N 0.72 0.83 0.84 

C 35.60 51.95 48.17 

H 3.39 4.68 4.39 

S 3.07 5.14 5.38 

O (by diff.) 25.14 37.40 41.22 

Lower heating value (MJ/kg) 14.02 20.62 18.62 

 

The moisture contents of two selected coal samples (C1 and C2) were found to be 

lower than that of the original coal (Corg) sample, with C1 and C2 containing 6.97 and 8.59 

wt%, respectively. C1 and C2 samples had higher volatile and fixed carbon contents than 

the original coal sample. On the other hand, the ash content was higher in the original coal 

sample, with only 13.3 and 18.02 wt% in C1 and C2, respectively, compared to 32.08 wt% 

in the original coal sample. The differences among Corg, C1, and C2 were most significant 

in terms of their carbon and sulphur contents. The carbon contents increased in the order of 

Corg, C2, and C1 samples, with 35.60, 48.17, and 51.95 wt%, respectively. The sulphur 

content of C1 and C2 samples were 5.14 and 5.38 wt%, indicating a critically high sulphur 

fuel type.  

Due to the higher carbon content, C1 and C2 samples had a greater lower heating 

value compared to the Corg sample. The lower heating values were 20.62 and 18.62 MJ/kg 

for C1 and C2 samples, respectively, while the Corg sample had a low heating value of 14.02 

MJ/kg.  

Table 5-2 displays the results of BET and XRF analyses conducted on C1 and C2 

samples. The specific surface area of the C1 and C2 samples was found to be lower than that 

of the Corg sample, with a value of 1.196 m2/g for the C1 sample and 1.4616 m2/g for the C2 

sample. The ash content of C1 and C2 samples was dominated by SiO2, accounting for 8.5 

and 11.6 wt%, respectively. The Al2O3 in C1 and C2 samples was significantly lower than 
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that of the Corg sample, while the weight percentage of Fe2O3 was relatively similar across 

all samples. The group of alkali and alkaline earth metal oxides was higher in the case of the 

Corg sample, although the difference was not significant. 

Table 5-2. BET and XRF analysis of Corg, C1, and C2 samples 

BET analysis 

  Sample name 

  Corg C1 C2 

BET surface area m2/g 4.5722 1.196 1.4616 

XRF analysis 

Components unit Sample name 

  Corg C1 C2 

SiO2 

wt% 

29.70 8.50 11.60 

Al2O3 11.60 3.10 4.50 

MgO 0.96 0.49 0.57 

CaO 2.60 3.28 3.39 

Na2O 0.31 0.22 0.21 

K2O 1.36 0.60 0.77 

Fe2O3 6.83 6.50 7.47 

MnO 0.066 0.059 0.063 

TiO2 0.356 0.139 0.188 

P2O5 0.028 0.026 0.057 

5.2. Experimental parameters 

The gasification results of the original low-rank coal sample indicated that the highest 

dry syngas production was achieved at 900 ℃ and 1.25 of S/C ratio. The ratio of H2/CO at 

these parameters also reached the desired value of 2. Therefore, the gasification parameters 

were selected at 900 ℃ and 1.00 and 1.25 of S/C ratio for the samples from the separation 

process. The detailed experimental parameters are shown in Table 5-3. 

Table 5-3. Experimental parameters for the gasification process of C1 and C2 samples 

Sample 

name 

Mass flow 

rate of coal 

Gasification 

temperature 
S/C ratio 

Steam flow 

rate 

Time of 

experiment 

 g/h ℃ mol/mol g/min days 

C1 991.70 900 
1.00 10.06 3 

1.25 12.87 3 

C2 1043.00 900 
1.00 9.91 3 

1.25 12.67 3 
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5.3. Gasification products 

The summary of gasification products from the experiments of C1 and C2 samples is 

shown in Appendix 4- Products from the experiments of C1 and C2 samples. 

5.3.1. Char yields 

The variations in the char yield as a function of the S/C ratio and type of samples are 

shown in Figure 5-2. The char yields were lower in the gasification case of C1 and C2 

samples at both the S/C ratio of 1.00 and 1.25. In the case of the 1.00 S/C ratio, the decrease 

in char yield was in the order of Corg, C1, and C2 samples, with 407.10, 361.67, and 298.70 

g/h, respectively. The corresponding numbers were 373.03, 305.23, and 265.33 g/h in the 

case of 1.25 S/B ratio. In the case of C1 and C2 samples, with increasing S/C ratio, the 

decrease in char yield was higher for the gasification process of the C1 sample. The char 

yield decreased by 56.44 g/h for the gasification process of the C1 sample, while it was by 

33.37 g/h for the gasification process of the C2 sample.  

 

Figure 5-2. Char yield in the gasification of C1 and C2 at 1.00 and 1.25 of S/C ratio 

5.3.2. Condensate liquid yield 

Figure 5-3 presents the results of liquid yield obtained from the gasification 

experiments of the C1 and C2 samples at a gasification temperature of 900 ℃ and 1.00 and 

1.25 S/C ratio. The liquid yields were found to be higher in the case of experiments of the 

C1 and C2 samples compared to that of the Corg sample. This could be the result of the larger 

total quantity of steam in the case of C1 and C2 samples. However, when considering the 
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percentage of liquid yield in relation to the total steam introduction (Figure 5-4), the 

percentage of liquid yield was relatively similar between the experiments of Corg and C1 

samples at 1.25 of the S/C ratio, with 51.58 and 55.28 %, respectively.  

 

Figure 5-3. Liquid yield in the gasification process of C1 and C2 at 1.00 and 1.25 of the 

S/C ratio 

 

Figure 5-4. Liquid yield by percentage in the gasification process of C1 and C2 at 1.00 

and 1.25 of the S/C ratio 

As shown in Figure 5-3, the liquid yield in the gasification experiments of the C2 

sample was lower than that of the C1 sample at all S/C ratios. At the same S/C ratio, the total 

quantity of steam introduction was not significantly different between the gasification 

experiments of the C1 and C2 samples. Consequently, the reaction of steam in the 

gasification process was greater in the case of the C2 sample at all experimental S/C ratios. 
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In both gasification experiments of the C1 and C2 samples, a higher S/C ratio 

generated a higher liquid yield. In the case of the C1 sample, the liquid yields were 351.77 

g/h at a 1.00 S/C ratio and 465.07 g/h at a 1.25 S/C ratio. The corresponding numbers were 

253.53 and 336.46 g/h at 1.00 and 1.25 of the S/C ratio, respectively, in the case of the C2 

sample. 

5.3.3. Dry gas yield 

Figure 5-5 illustrates the dry gas yield obtained from the gasification experiments 

conducted on Corg, C1, and C2 samples at a temperature of 900 ℃ and S/C ratio of 1.00 and 

1.25. Obviously, there was a higher dry gas yield generated in the case of C1 and C2 samples 

at all S/C ratios, with increasing dry gas yield observed in the order of Corg, C1, and C2, 

respectively. At 1.00 of the S/C ratio, the produced gas yield was only 1.10 Nm3/kgcoal in the 

case of the Corg sample, which increased to 1.4 Nm3/kgcoal for the case of the C1 sample and 

1.59 Nm3/kgcoal for the case of C2 sample. At 1.25 of the S/C ratio, the gasification process 

of the C2 sample produced the highest produced gas yield (1.70 Nm3/kgcoal) and followed 

by the gasification process of the C1 sample, with 1.52 Nm3/kgcoal.  

 

Figure 5-5. Dry gas yield in the gasification process of C1 and C2 samples at 1.00 and 

1.25 of the S/C ratio 

When the S/C ratio increased from 1.00 to 1.25, the dry gas yield increased in all 

cases of samples, obviously indicated in the gasification experiment of C1 and C2 samples.  

The increase in dry gas yield was only by 0.04 Nm3/kgcoal for the gasification experiment of 

the Corg sample. In the case of C1 and C2 samples, the corresponding numbers were 0.12 

and 0.11 Nm3/kgcoal, respectively.  
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The higher dry gas yield observed in the gasification process of the C1 and C2 

samples could be attributed to the differences in their chemical composition compared to the 

Corg sample, as follows: 

• The C1 and C2 samples had a higher content of volatile matter, 43.93 and 40.96 wt%, 

respectively, compared to 32.33 wt% in the Corg sample. This could result in a higher 

porous structure of char after the devolatilization process during the pyrolysis 

process. The higher porous structure of char led to a higher number of active sites 

[135,136], as well as greater mass transfer properties [137,138]. They helped to 

promote the reaction between reactants and solid char, thereby producing a higher 

quantity of syngas.  

• Another reason could be the ash content of the samples, the higher ash content of the 

Corg sample could generate a thin layer on the porous carbon surface. Consequently, 

it inhibited the reaction between the reactants and the carbon surfaces [138]. In 

contrast, the lower ash content of C1 and C2 samples, allowed easier access of 

reactants on the surfaces of the char [139,140]. 

• The presence of SiO2 and Al2O3 can have a negative effect on the gasification process 

[139,141,142], these components were lower in the case of C1 and C2 samples. It 

can be a reason for a better gas yield during the gasification process of C1 and C2 

samples. 

• The higher carbon content of starting materials could improve the reaction between 

carbon and reactants [143,144], leading to a higher quantity of syngas production 

during the gasification process of C1 and C2 samples. 

5.4. Syngas composition and heating value of syngas 

This section discusses the experimental results obtained from the gasification process 

of the C1 and C2 samples at 900 ℃ and S/C ratio of 1.00 and 1.25, including the syngas 

composition, the low heating value of syngas, as well as the H2/CO ratio. The data of syngas 

concentration from the experiments of C1 and C2 samples are shown in Appendix 5- Graphs 

of syngas concentration from the experiments of the C1 and C2 sample and Appendix 6- 

Average syngas concentration from the experiments of C1 and C2 samples. 
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5.4.1. Syngas composition 

As mentioned in section 4.5.1, the main syngas components were H2, CO, CO2, and 

CH4. In the case of gasification experiments of C1 and C2 samples, these syngas components 

accounted for above 98 V/V%. Consequently, the discussion is focused on these syngas 

components in this section. The details of total syngas composition are exhibited in 

Appendix 4- Products from the experiments of C1 and C2. 

Figure 5-6 presents the concentration (a) and yield (b) of H2 obtained from the 

gasification experiments of C1 and C2 samples with the gasification temperature at 900 ℃ 

and 1.00 and 1.25 S/C ratios. The H2 concentration remained relatively constant among the 

gasification experiments of Corg, C1, and C2 samples, ranging from 53.66 to 54.76 V/V%. 

In addition, the dry syngas yield increased in the order of Corg, C1, and C2 at all experimental 

S/C ratios. Therefore, the H2 yield followed the same trend, as shown in Figure 5-6-b. At an 

S/C ratio of 1.00, the gasification experiment of the Corg sample produced 0.6 Nm3/kgcoal of 

H2 content, while the experiments of C1 and C2 samples generated 0.75 and 0.86 Nm3/kgcoal, 

respectively. At an S/C ratio of 1.25, the H2 yields were 0.63, 0.82, and 0.92 Nm3/kgcoal for 

the Corg, C1, and C2 samples, respectively.  

 

Figure 5-6. H2 concentration and yield from the gasification process of C1 and C2 

samples 

It can be observed that an increase in the S/C ratio resulted in a slight increase in H2 

concentration for all samples. When the S/C ratio increased from 1.00 to 1.25, the H2 

concentration increased from 53.66 to 54 V/V% in the case of the experiment of the C1 

sample, while from 53.89 to 54.38 V/V% for the C2 sample. In addition, the increasing H2 

yield was significantly observed in the case of the C1 and C2 samples when the S/C ratio 

changed from 1.00 to 1.25. For the experiment of the Corg sample, the H2 yield increased by 
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only 0.02 Nm3/kgcoal as an increasing S/C ratio from 1.00 to 1.25. However, the 

corresponding numbers were 0.07 and 0.06 Nm3/kgcoal for C1 and C2 samples, respectively.  

The concentration and yield of CO gained from the gasification process of C1 and C2 

samples are illustrated in Figure 5-7. At the same S/C ratios, the CO concentration was lower 

for the gasification experiments of the C1 and C2 samples compared to that of the Corg 

sample, as shown in Figure 5-7-a. Additionally, the gasification experiment of the C2 sample 

produced syngas with a higher CO concentration than that from the gasification experiments 

of the C1 sample. At an S/C ratio of 1.00, the CO concentrations were 25.43 and 28.90 V/V% 

for the experiments of C1 and C2, respectively. The corresponding numbers were 24.74 and 

27.15 V/V% for the experiments of C1 and C2, respectively, at 1.25 of the S/C ratio. 

Increasing of S/C ratio led to a decrease in the CO concentration for both gasification 

experiments of C1 and C2 samples but to different extents. When the S/C ratio increased 

from 1.00 to 1.25, the CO concentration decreased by 0.69 V/V% for the experiment of the 

C1 sample. In the case of the C2 sample, that number was by 1.75 V/V%.  

As shown in Figure 5-7-b, due to an increase in the syngas yield, the CO yields were 

higher for the experiments of C1 and C2 samples. When the S/C ratio increased from 1.00 

to 1.25, the CO yield decreased from 0.34 to 0.31 Nm3/kgcoal in the case of the Corg sample, 

as there was no significant increase in the syngas yield but a significant decrease in the CO 

concentration. There was an opposite trend in the case of C1 and C2 samples. Although the 

CO concentration decreased with increasing of S/C ratios, however, the CO yield increased 

from 0.36 Nm3/kgcoal at 1.00 of S/C ratio to 0.38 Nm3/kgcoal at 1.25 of S/C ratio in the case 

of C1 sample and remained nearly stable at 0.46 Nm3/kgcoal in the case of C2 sample.  

 

Figure 5-7. CO concentration and yield from the gasification process of C1 and C2 

samples 



83 

 

Figure 5-8 presents the volume fraction and yield of CO2 from the gasification 

process of C1 and C2 samples. In contrast with the CO volume fraction, the CO2 volume 

fraction increased in the order of C, C2, and C1 at all S/C ratios, as shown in Figure 5-8-a. 

Furthermore, the volume fraction of CO2 expanded as the S/C ratio increased. In the case of 

the gasification experiment of the C1 sample, the volume fraction of CO2 increased from 

15.54 to 16.90 V/V% at 1.00 and 1.25 S/C ratios, respectively. These numbers were 12.79 

and 14.14 V/V% in the case of the C2 sample.  

There was a similar trend in the changes in CO2 yield, as shown in Figure 5-8-b. At 

1.00 of the S/C ratio, the CO2 yields were 0.13, 0.22, and 0.20 Nm3/kgcoal for the gasification 

experiments of Corg, C1, and C2 samples, respectively. At 1.25 of the S/C ratio, those 

numbers were 0.16, 0.25, and 0.24 Nm3/kgcoal, respectively. 

 

 

Figure 5-8. CO2 concentration and yield from the gasification process of C1 and C2 

samples 

The volume fraction and yield of CH4 from the gasification experiments of C1 and 

C2 samples are illustrated in Figure 5-9. At all S/C ratios, the syngas produced from the 

gasification experiments of C1 and C2 samples had a higher volume fraction of CH4 than 

that of the Corg sample, as shown in Figure 5-9-a. As increasing of S/C ratio from 1.00 to 

1.25, there was an increasing trend in the volume fraction of CH4 in the case of the Corg 

sample, however, a decreasing trend in the case of C1 and C2 samples. Specifically, the CH4 

volume fraction declined from 3.87 V/V% at 1.00 of the S/C ratio to 3.59 V/V% at 1.25 of 

the S/C ratio for the experiments of the C1 sample. In the case of the C2 sample, the CH4 

volume fraction nearly kept stable at around 2.83 V/V% when the S/C ratio increased from 

1.00 to 1.25.  
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Figure 5-9. CH4 concentration and yield from the gasification process of C1 and C2 

samples 

Although the syngas yield increased with the increasing S/C ratio for all coal samples, 

there was only a slight variation in the volume fraction of CH4. Consequently, the CH4 yield 

did not show significant changes in the experiments of C1 and C2 samples when the S/C 

ratio increased from 1.00 to 1.25. As shown in Figure 5-9-b, the CH4 yields were 0.054 

Nm3/kgcoal at 1.00 S/C ratio and 0.053 Nm3/kgcoal at 1.25 S/C ratio in the case of the 

gasification experiment of the C1 sample. In the case of the C2 sample, the corresponding 

numbers were 0.045 and 0.048 Nm3/kgcoal at 1.00 and 1.25 S/C ratios, respectively. 

5.4.2. Lower heating value and H2/CO ratio of the syngas 

Figure 5-10 depicts the lower heating value of the syngas (LHVsyngas) obtained from 

the gasification experiments of the C1 and C2 samples at 900 ℃ of gasification temperature 

and S/C ratios of 1.00 and 1.25. It can be observed that there were no significant differences 

in LHVsyngas among the experiments, which can be attributed to the consistent total volume 

fraction of combustible contents across the experimental conditions. The LHVsyngas varied in 

a slight range of 10.23÷10.59 MJ/Nm3 across Corg, C1, and C2 samples. An increase in the 

S/C ratio resulted in a slight decrease in the volume fraction of CO, consequently, the 

LHVsyngas showed a slight decrease trend. In the case of the C1 sample, the LHVsyngas 

decreased from 10.38 MJ/Nm3 at 1.00 S/C ratio to 10.23 MJ/Nm3 at 1.25 S/C ratio. Similarly, 

the LHVsyngas decreased from 10.47 to 10.29 MJ/Nm3 in the case of the C2 sample.  

The H2/CO ratio obtained from the gasification experiments of C1 and C2 samples is 

illustrated in Figure 5-11. It is observed that, with a stable H2 concentration, the H2/CO ratio 

was primarily driven by the CO concentration. Consequently, the H2/CO ratio was higher in 

the case of the C1 sample experiment. When the S/C ratio increased from 1.00 to 1.25, the 
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H2/CO ratio also increased for all samples, albeit to varying degrees. In the case of the Corg 

sample, the H2/CO ratio increased from 1.75 at 1.00 of the S/C ratio to 1.99 at 1.25 of the 

S/C ratio. These numbers were from 2.11 to 2.18 and 1.86 to 2.00 for C1 and C2 samples, 

respectively, over the same range of S/C ratios. 

 

Figure 5-10. The lower heating value of syngas from the gasification process of C1 and 

C2 samples 

 

Figure 5-11. H2/CO ratio from the gasification process of C1 and C2 samples 

5.5. Gasification efficiency 

The carbon conversion efficiency (CCE) of the gasification experiments conducted 

on C1 and C2 samples is demonstrated in Figure 5-12. At each S/C ratio, the CCE increased 

in the order of C1, Corg, and C2, respectively. Although the gasification experiment of the 
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C1 sample produced a higher gas volume compared with the Corg sample, the CCE was the 

lowest among the samples. This phenomenon was associated with the higher carbon content 

in the C1 sample.  

Increasing the S/C ratio led to improving the volume of produced gas for all samples. 

However, there was a slight decrease in the CCE observed in the case of the Corg sample, 

while increased trends of the CCE were observed in the experiments of the C1 and C2 

samples. In the case of the C1 sample, the CCE increased from 64.86 % at the S/C ratio of 

1.00 to 71.00 % at the S/C ratio of 1.25. For the experiments of the C2 sample, the CCE 

increased from 78.82 to 83.15 % at an S/C ratio of 1.00 and 1.25, respectively.  

 

Figure 5-12. The carbon conversion efficiency of the gasification process of C1 and C2 

samples 

Figure 5-13 shows the cold gas efficiency (CGE) of the gasification process obtained 

from the experiments of Corg, C1 and C2 samples. The cold gas efficiency followed a similar 

trend as observed in the carbon conversion efficiency, increasing in order of C1, Corg, and 

C2, respectively, at all levels of the S/C ratio. 

The CGE is governed by the lower heating value of coal samples, as well as the lower 

heating value and volume of produced gas, as shown in equation (3-4). As mentioned in 

section 5.4.2, the LHVsyngas nearly kept constant in the range of experimental conditions. 

Although the experiments of the C1 sample produced a higher volume of gas, the lower 

heating value of the C1 sample was significantly higher than that of the Corg sample. 

Consequently, the CGE was lower in the case of the C1 sample at all S/C ratios. 
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Figure 5-13. Cold gas efficiency of the gasification process of C1 and C2 samples 

Increasing the S/C ratio resulted in a minor increase in the volume of produced gas 

for Corg samples but a significant increase in the case of C1 and C2 samples. As a result, the 

cold gas efficiency remained nearly constant when the S/C ratio increased from 1.00 to 1.25 

for the experiments of the Corg sample. In the case of the C1 sample, the CGE improved from 

70.57 % at an S/C ratio of 1.00 to 75.64 % at an S/C ratio of 1.25. The corresponding 

numbers were from 89.49 to 93.82 % for the experiments conducted on the C2 sample.  

The specific power consumption of the experiments of C1 and C2 samples at 900 ℃ 

of gasification temperature and 1.00 and 1.25 of S/C ratios as depicted in Figure 5-14. In 

general, the specific power consumption decreased in the order of Corg, C1, and C2, 

respectively. This could be attributed to the higher volume of produced gas in the 

experiments conducted on C1 and C2 samples. Increasing the S/C ratio resulted in an 

increase in the produced gas, consequently, the specific power consumption was lower at a 

higher S/C ratio. In the case of experiments of the C1 sample, the specific power 

consumption was decreased from 5.37 kWh/Nm3 at an S/C ratio of 1.00 to 5.20 kWh/Nm3 

at an S/C ratio of 1.25. For the experiments of the C2 samples, the specific power 

consumption decreased from 4.62 to 4.47 kWh/Nm3 at the same S/C conditions. The lowest 

specific power consumption was at 900 ℃ of gasification temperature and 1.25 of S/C ratio 

in the case of the C2 sample. 
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Figure 5-14. Specific power consumption of the gasification process of C1 and C2 

samples 

5.6. Characteristics of condensate liquid and residual char from the experiments of C1 

and C2 samples 

The typical volume of condensate liquid obtained for an hour from the experiments 

conducted on Corg, C1, and C2 samples at 900℃ of gasification temperature and S/C ratio 

of 1.00 and 1.25 is presented in Figure 5-15. As discussed in section 4.7.1, the condensate 

liquid produced by the gasification process of the Corg sample contained a significant amount 

of water, similar results were observed for the gasification process of the C1 sample (Figure 

5-15-c,d) and C2 sample (Figure 5-15-e,f). Therefore, further analysis of the condensate 

liquid was not conducted.  

 

Figure 5-15. Typical condensate liquid volume per hour from the experiments of Corg 

sample at 1.00 and 1.25 of S/C ratio-(a-b), C1 sample at 1.00 and 1.25 of S/C ratio (c-d), 

and C2 sample at 1.00 and 1.25 of S/C ratio (e-f) and 900 ℃ of gasification temperature 

Table 5-4 presents the elemental, ash, and heating value analysis of char samples 

obtained from the experimental gasification of C1 and C2 samples. The total weight 

percentage can exceed 100 %, however, it can be explained by the uncertainty of 

measurement equipment, as well as the non-homogeneous char sample. 
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The nitrogen and hydrogen contents in char samples were found to be lower than 

those of the original coal samples, with a significant decrease in hydrogen content. In the 

case of the C1 sample, the weight percentage of hydrogen content decreased from 4.68 wt% 

in the original C1 sample to 0.47 and 0.48 wt% in the gasification char obtained at 1.00 and 

1.25 of the S/C ratio, respectively. For the experiments of the C2 sample, the weight 

percentage of hydrogen content decreased from 4.39 to 0.37 and 0.41 wt%, respectively. On 

the other hand, the weight percentage of carbon and sulphur in the char samples increased at 

the same experimental conditions, except for the C2-char sample produced at 1.25 of S/C 

ratio. With a significant S content in char samples, it indicated that there was only a small 

amount of sulphur left in the produced gas, but the utilisation of char samples in a secondary 

process has to be considered thoroughly.  

Table 5-4. General analysis of char samples from experiments of C1, and C2 at 900 ℃  

Samples S/C ratio  N  C H S Ash HHV 

 (mol/mol)  wt%  wt% wt% wt% wt% MJ/kg 

C1   0.83  51.95 4.68 5.14 13.3 21.84 

C1-char 

1.00 
Mean 0.44  62.15 0.47 6.18 38.25 23.36 

SD 0.05  2.41 0.24 0.36   

1.25 
Mean 0.38  54.35 0.40 6.94 45.81 20.62 

SD 0.04  2.08 0.21 0.40   
C2   0.84  48.17 4.39 5.38 18.2 19.81 

C2-char 

1.00 
Mean 0.38  48.43 0.37 8.13 53.32 18.87 

SD 0.03  0.85 0.19 0.14   

1.25 
Mean 0.36  44.46 0.41 8.69 58.15 17.98 

SD 0.04  0.83 0.21 0.23   

The ash content also increased in all char samples at all experimental conditions. In 

the case of the C1 sample, the ash content increased from 13.3 wt% in the original C1 sample 

to 38.25 and 45.81 wt% at 1.00 and 1.25 S/C ratios, respectively. The corresponding 

numbers were from 18.2 to 53.32 and 58.15 wt% for the C2 sample.  

Regarding the energetic perspective, the higher heating value of the original C1 and 

C2 samples is higher than that of their corresponding char samples, except for the case of 

the C1 char sample obtained from the gasification process at 1.00 of the S/C ratio. 

Specifically, the higher heating value increased from 21.84 MJ/kg in the C1 sample to 23.36 

MJ/kg in the C1-char sample at 1.00 S/C ratio, but it decreased to 20.62 MJ/kg in the C1-

char sample at 1.25 S/C ratio. In the case of experimental gasification of the C2 sample, the 

higher heating values were 18.87 and 17.98 MJ/kg for char samples at 1.00 and 1.25 S/C 

ratios, respectively. With a high rate in the heating value of char samples, the residual solid 

product from the gasification process of the C1 and C2 samples could potentially be used in 

the further power generation process.   
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6. Conclusion and recommendations 

6.1. Conclusion 

Steam gasification in a fixed-bed gasifier is a promising solution in clean coal 

technologies. The Institute of Energy, Ceramics and Polymer Technology at the University 

of Miskolc, Hungary has developed and constructed a multi-stage fixed bed gasifier to 

produce a multi-functional produced gas. This thesis experimentally investigated the 

performance of the multi-stage fixed bed gasifier for enhanced control of synthesis gas 

composition using low-rank coal the starting material. Experiments were conducted in a 

multi-stage fixed bed gasifier with steam as a reactant to investigate the effects of various 

operating conditions on gasification products, synthesis gas composition, H2/CO ratio, 

carbon conversion efficiency, cold gas efficiency, as well as specific power consumption. 

Experiments were carried out in a single-line multi-stage fixed bed gasifier arranged 

in an L shape, with a vertical reactor for the pyrolysis process and a horizontal reactor for 

the reduction process. Both reactors are made of heat-resistant steel, with an outer diameter 

of 100 mm and an inner diameter of 80 mm. Each reactor has an effective length of 1600 

mm and is covered by electrical heaters.  

In the first part of this study, the original low-rank coal sample-Corg was examined at 

gasification temperatures of 700, 800 and 900 ℃ with S/C ratios of 0.75, 1.00, and 1.25, 

while maintaining the pyrolysis temperature at 600 ℃. The mass flow rate of materials was 

set at 1.084 kg/h. The low-rank coal-Corg is characterized by a low carbon content of 35.6 

wt% and a high sulphur content of 3.07 wt%. The volatile and fixed carbon contents 

accounted for 57.41 wt%, while the ash content was approximately 32.08 wt%. The coal 

sample has a low higher heating value of 15.03 MJ/kg.  

Both increasing gasification temperature and S/C ratio resulted in a higher conversion 

rate of the gasification process, leading to a decrease in residual char and condensate liquid 

yields, and an increase in produced gas yield. However, the positive effects of increasing the 

S/C ratio on char gasification were limited when the S/C ratio exceeded 1.00, as observed in 

the case of gasification temperature at 700 and 900 ℃. At a gasification temperature of 700 

℃, the produced gas decreased from 0.48 Nm3/kgcoal at an S/C ratio of 1.00 to 0.44 

Nm3/kgcoal at an S/C ratio of 1.25. In the case of 900 ℃, the produced gas increased slightly 

from 1.10 to 1.14 Nm3/kgcoal with similar S/C ratios. Among the experimental conditions, 

the highest conversion rate was achieved at a gasification temperature of 900 ℃ and an S/C 
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ratio of 1.25, with an average char yield of 373.03 g/h and an average syngas yield of 1.14 

Nm3/kgcoal. 

Regarding the syngas composition, the main components of produced gas under all 

experiments were H2, CO, CO2, and CH4, accounting for at least 94 V/V% of the total 

volume. Increasing the gasification temperature had a significant effect on the syngas 

composition. Meanwhile, the volume fraction of syngas varied slightly when the S/C ratio 

increased from 0.75 to 1.25. The mean volume fraction of CO, CO2, and CH4 showed a 

significant variation when the gasification temperature increased from 700 to 900 ℃ for all 

S/C ratios. On the other hand, the changes in H2 concentration did not follow a monotonic 

trend under the same conditions. From a chemical utilisation point of view, the gasification 

temperature at 900 ℃ and S/C ratio of 1.25 resulted in the most promising H2/CO ratio of 

1.99 (~2). From an energetic point of view, the highest LHVsyngas was observed at 900 ℃ 

and 0.75 of S/C ratio, approximately 10.69 MJ/Nm3.  

The experimental results showed that the CCE and CGE at 900 ℃ of gasification 

temperature were significantly higher than that at other gasification temperatures at the same 

conditions of S/C ratios. However, at 900 ℃ of gasification temperature, the CCE and CGE 

only showed a minor change when the S/C ratio increased further from 1.00 to 1.25. At 900 

℃ of gasification temperature, The CCE were 75.32 and 75.09 % at 1.00 and 1.25 of S/C 

ratios, respectively. In the meantime, the CGE were 83.43 and 83.69 % at the same 

experimental conditions. It was observed that the higher syngas yield at higher gasification 

temperatures resulted in lower specific power consumption of the gasification process. The 

lowest specific power consumption was obtained at 900 ℃ of gasification temperature and 

1.25 of S/C ratio. 

Based on the initial priority of an H2/CO ratio of 2.00 and the highest syngas yield, 

the optimal conditions for the original low-rank coal sample were at 900 ℃ of gasification 

temperature and 1.25 of S/C ratio in our multi-stage gasification process. 

In the second part of this study, the original low-rank coal samples were subjected to 

a gravity separation process using magnetite suspension fluid. The separation process 

resulted in two types of coal samples, namely C1 and C2. The specific weight of the C1 and 

C2 samples were ≤ 1.6 g/cm3 and between 1.6-1.8 g/cm3, respectively. The experiments were 

carried out at a gasification temperature of 900 ℃ and S/C ratios of 1.00 and 1.25. 

The results indicated that the gasification process of the separated coal samples 

produced a higher specific volume of syngas compared to the original coal sample. 

Furthermore, the experiments with the C2 sample showed a higher conversion efficiency 
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compared to the C1 sample across all experimental settings. Specifically, at a gasification 

temperature of 900 ℃, the C1 sample experiments generated 1.4 and 1.52 Nm3/kgcoal at S/C 

ratios of 1.00 and 1.25. In contrast, the C2 sample experiments yielded syngas volumes of 

1.59 and 1.70 Nm3/kgcoal at the same S/C ratios.  

Regarding the H2/CO ratio, the C1 sample experiments achieved ratios close to the 

desired value of 2.00, with values of 2.11 and 2.18 at S/C ratios of 1.00 and 1.25, 

respectively. For the experiments of the C2 sample, the H2/CO ratio reached 1.88 and 2.00 

at S/C ratios of 1.00 and 1.25, respectively. Therefore, the optimal conditions for the C2 

sample were identified as a gasification temperature of 900 ℃ and an S/C ratio of 1.25.  

6.2. Recommendations for further work 

The low-rank coal used in this study has a high sulphur content, resulting in hydrogen 

sulphide in the produced gas. However, hydrogen sulphide poses a barrier to the application 

of produced gas in chemical production processes. Therefore, future research efforts should 

focus on developing efficient and cost-effective methods to remove sulphur-based gases 

after the gasification process. 

Furthermore, it is important to expand the scope of research to include other fuel 

types such as biomass or refuse-derived fuel. Each fuel type may have different 

characteristics and requirements, so it is essential to conduct comprehensive investigations 

to determine the optimal conditions for gasification and produced gas composition based on 

the specific applications of the produced gas. 
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7. New scientific results 

Thesis 1. The original low-rank coal sample from Hungary with a particle size of 10-30 mm 

was studied in the steam gasification process. The gasification experiments were carried out 

in a single-line multi-stage fixed bed configuration, with a mass flow rate of coal of 1084 

g/h at the gasification temperatures of 700, 800 and 900 ℃, while with S/C ratios were set 

at 0.75, 1.00, and 1.25.  

To establish the relationship between the produced gas yield and the gasification parameters, 

a linear function and a parabolic were formulated considering the gasification temperatures 

and S/C ratios. These equations can be expressed as follows: 

 

All linear functions describe well the relations between the dry gas yield, gasification 

temperature and S/C ratio, with the exception of dry gas yield and S/C ratio at 700 ℃, that 

is best described with a parabolic function.  

Thesis 2. Under the same experimental conditions as shown in thesis 1, to investigate the 

relationship between the H2/CO ratio and the gasification parameters, an equation was 

formulated based on the experimental parameters. At a constant S/C ratio, the H2/CO ratio 

can be expressed as power functions of the gasification temperatures. The equations 

describing these relationships are as follows: 
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Thesis 3. The desired H2/CO ratio for a specific chemical production process is typically 

2.00. The experiments conducted in a single-line multi-stage gasifier demonstrated that an 

H2/CO ratio of approximately 2.00 can be achieved at a gasification temperature of 900 ℃ 

using an original low-rank coal sample with a particle size of 10-30 mm and a mass flow 

rate of 1084 g/h. The optimal conditions for achieving an H2/CO ratio of 2.00 were identified 

as a gasification temperature of 900 ℃ and an S/C ratio of 1.25. 

Thesis 4. The original low-rank coal sample was subjected to a gravity separation process 

using a heavy magnetite suspension fluid to obtain two separated coal samples 1) with a 

specific density of up to 1.6 g/cm3 (C1) and 2) a specific density between 1.6 - 1.8 g/cm3 

(C2). The heavy suspension-separated coal samples exhibited higher syngas yields 

compared to the original coal sample, under the same gasification temperature of 900 ℃ and 

S/C ratios of 1.00 and 1.25. The produced syngas from the coal sample with a specific 

density between 1.6 - 1.8 g/cm3 (C2) can reach an optimal H2/CO ratio of 2.00 for chemical 

production processes, while the gas yield can be increased by 50 % compared to the original 

coal sample, under the same gasification conditions, with an S/C ratio of 1.25 at 900 ℃. 
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Appendix 

Appendix 1-Graphs of syngas concentration 

Appendix 1.1. Gasification temperature: 700 ℃ and S/C ratio: 0.75 
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Appendix 1.2. Gasification temperature: 700 ℃ and S/C ratio: 1.00 
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Appendix 1.3. Gasification temperature: 700 ℃ and S/C ratio: 1.25 
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Appendix 1.4. Gasification temperature: 800 ℃ and S/C ratio: 0.75 
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Appendix 1.5. Gasification temperature: 800 ℃ and S/C ratio: 1.00 
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Appendix 1.6. Gasification temperature: 800 ℃ and S/C ratio: 1.25 

 

 



118 

 

 

Appendix 1.7. Gasification temperature: 900 ℃ and S/C ratio: 0.75 
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Appendix 1.8. Gasification temperature: 900 ℃ and S/C ratio: 1.00 
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Appendix 1.9. Gasification temperature: 900 ℃ and S/C ratio: 1.25 
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Appendix 2- Products of the experiments of the original coal sample 

  
Gasification temperture   

700 800 900 

S/C ratio 

 
Char 

(g/h) 

Liquid 

(g/h) 

Char 

(g/h) 

Liquid 

(g/h) 

Char 

(g/h) 

Liquid 

(g/h) 

0.75 

1 625.70 329.50 547.30 141.10 470.00 90.60 

2 629.80 326.30 621.05 151.50 502.90 83.40 

3 612.70 327.90 630.60 132.30 491.90 81.30 

Mean value 622.73 327.90 599.65 141.90 488.27 85.10 

1.00 

1 568.00 410.80 568.90 260.40 417.00 169.10 

2 588.80 409.60 584.50 273.60 401.60 185.60 

3 585.80 417.10 550.50 273.50 402.70 170.60 

Mean value 580.87 412.50 567.97 269.17 407.10 175.10 

1.25 

1 593.60 431.30 499.70 359.90 409.00 277.40 

2 596.30 435.00 484.00 338.00 363.60 263.50 

3 613.40 431.40 490.00 310.70 346.50 266.90 

Mean value 601.10 432.57 491.23 336.20 373.03 269.27 
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Appendix 3- Average syngas concentration from the experiments of the original coal 

sample 

Gasification 

temperature 
S/C ratio 

 

Syngas composition (V/V%) LHVsyngas 

℃ mol/mol 

 

CO CO2 CH4 CnHm H2 O2 N2 MJ/Nm3 

700 

0.75 

Mean 8.56 26.12 7.18 0.13 52.96 0.57 4.48 9.47 

Max 9.47 27.53 9.04 0.23 55.49 0.66 5.91 9.99 

Min 7.70 24.38 5.68 0.05 50.32 0.50 3.26 9.00 

SD 0.30 0.59 0.61 0.03 0.90 0.03 0.68 0.17 

1.00 

Mean 8.04 26.72 6.92 0.15 53.48 0.61 4.08 9.39 

Max 8.81 27.91 8.87 0.25 55.54 0.84 5.92 9.92 

Min 7.15 25.87 5.53 0.08 51.21 0.53 3.02 8.99 

SD 0.27 0.37 0.55 0.03 0.85 0.05 0.43 0.15 

1.25 

Mean 7.12 28.15 6.61 0.11 54.29 0.63 3.08 9.21 

Max 7.68 30.39 7.82 0.19 56.68 0.76 4.56 9.59 

Min 6.19 26.48 5.19 0.02 51.95 0.55 1.44 8.70 

SD 0.28 0.72 0.52 0.03 0.76 0.04 0.55 0.15 

  
 

CO CO2 CH4 CnHm H2 O2 N2 
 

800 

0.75 

Mean 22.32 15.34 3.94 0.01 55.04 0.52 2.79 10.17 

Max 25.51 18.78 5.52 0.06 57.53 0.60 4.35 10.62 

Min 18.18 11.75 2.93 0.00 52.18 0.47 1.30 9.71 

SD 1.56 1.37 0.44 0.01 0.77 0.03 0.52 0.17 

1.00 

Mean 19.01 19.04 4.11 0.01 55.00 0.53 2.30 9.80 

Max 21.26 21.77 5.26 0.07 56.65 0.65 2.96 10.15 

Min 15.88 17.46 3.26 0.00 53.33 0.46 1.38 9.47 

SD 0.98 0.77 0.37 0.01 0.47 0.05 0.30 0.11 

1.25 

Mean 17.52 20.31 3.88 0.00 55.57 0.64 2.06 9.59 

Max 19.23 22.37 5.04 0.06 57.05 0.78 4.73 9.87 

Min 15.47 18.91 3.04 0.00 50.08 0.58 1.10 9.10 

SD 0.74 0.60 0.37 0.01 0.60 0.04 0.42 0.10 

900 

0.75 

 

CO CO2 CH4 CnHm H2 O2 N2 
 

Mean 31.38 10.90 2.54 0.00 54.03 0.52 0.59 10.69 

Max 35.19 14.00 3.56 0.15 56.00 0.66 2.51 10.93 

Min 23.39 8.99 1.82 0.00 52.27 0.43 0.00 10.32 

SD 1.70 0.96 0.31 0.02 0.66 0.06 0.51 0.11 

1.00 

Mean 30.99 11.30 2.35 0.01 54.10 0.43 0.79 10.59 

Max 36.55 13.54 3.21 0.16 56.17 0.59 2.75 10.98 

Min 26.01 8.95 1.65 0.00 51.01 0.36 0.00 10.20 

SD 1.92 0.99 0.31 0.04 0.75 0.03 0.64 0.14 

1.25 

Mean 27.55 13.70 2.52 0.00 54.76 0.40 1.06 10.28 

Max 30.79 15.47 3.74 0.13 56.15 0.47 2.85 10.51 

Min 24.34 12.29 1.86 0.00 53.57 0.35 0.00 9.96 

SD 1.23 0.61 0.32 0.01 0.46 0.03 0.58 0.10 
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Appendix 4- Products from the experiments of C1 and C2 samples 

 

Gasification 

temperature S/C ratio Samples Char  Liquid  

 ℃ mol/mol  (g) (g) 

C1 900 

1.25 

1 295.70 519.70 

2 318.10 440.80 

3 301.90 434.70 

Mean 305.23 465.07 

1 

1 356.00 347.40 

2 366.00 354.90 

3 363.00 353.00 

Mean 361.67 351.77 

C2 900 

1.25 

1 257.10 340.60 

2 271.70 346.40 

3 267.20 322.40 

Mean 265.33 336.47 

1 

1 345.90 299.10 

2 292.10 231.50 

3 258.10 230.00 

Mean 298.70 253.53 
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Appendix 5- Graphs of syngas concentration from the experiments of the C1 and C2 

sample 

Appendix 5.1. C1 sample gasification at 900 ℃ and S/C ratio: 1.00 
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Appendix 5.2. C1 sample gasification at 900 ℃ and S/C ratio: 1.25 
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Appendix 5.3. C2 sample gasification at 900 ℃ and S/C ratio: 1.00 
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Appendix 5.4. C2 sample gasification at 900 ℃ and S/C ratio: 1.00 
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Appendix 6- Average syngas concentration from the experiments of C1 and C2 samples 

 

S/C ratio 

 

Syngas composition (V/V%) LHVsyngas 

 

mol/mol 

 

CO CO2 CH4 CnHm H2 O2 N2 MJ/Nm3 

C1 

1.00 

Mean 25.43 15.54 3.87 0.01 53.66 0.00 1.48 10.38 

Max 32.90 18.07 7.44 0.09 56.24 0.00 15.05 11.17 

Min 22.00 11.08 2.08 0.00 42.33 0.00 0.00 9.67 

SD 1.51 1.03 1.09 0.02 1.23 0.00 0.89 0.23 

1.25 

Mean 24.74 16.90 3.59 0.01 54.00 0.00 0.76 10.23 

Max 30.79 20.20 8.16 0.16 56.58 0.01 2.95 11.11 

Min 20.34 12.92 1.88 0.00 49.98 0.00 0.00 9.80 

SD 1.44 1.11 1.06 0.02 1.17 0.00 0.68 0.21 

  
 

CO CO2 CH4 CnHm H2 O2 N2 
 

C2 

1.00 

Mean 28.90 12.79 2.83 0.01 53.89 0.00 1.59 10.47 

Max 34.80 15.77 4.97 0.16 55.80 0.00 3.95 10.98 

Min 23.13 9.93 1.70 0.00 51.83 0.00 0.00 9.96 

SD 2.40 1.40 0.63 0.03 0.57 0.00 0.87 0.19 

1.25 

Mean 27.15 14.14 2.82 0.00 54.38 0.00 1.50 10.29 

Max 32.08 16.67 4.85 0.14 56.38 0.01 14.05 10.77 

Min 22.68 10.05 1.90 0.00 43.07 0.00 0.00 9.05 

SD 1.67 0.98 0.58 0.01 0.85 0.00 1.01 0.17 
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