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THE ANALYSIS OF THE SOLID AND LIQUID PHASE PRODUCTS 

OF TWO-STAGE PYROLYSIS 

ANDRÁS ARNOLD KÁLLAY1–VIVIEN VINCZE2– 

GÁBOR NAGY3–TAMÁS KOÓS4 

During the experiments, the material and energy conversions during the pyrolysis of Hungarian low 

rank coal at low (450 °C) and high temperatures (900 °C), and the residue char and liquid phase were 

examined. 

Temperature increase results in higher material and energy conversion. Thus, the amount of solid 

residue decreases and the energy content of the final product is higher. Despite this, char with signifi-

cant carbon content – and calorific value – is produced during the experiments at 900 °C which may be 

further utilised. 

Keywords: coal gasification, power generation 

INTRODUCTION 

Coal is among one of the most important fossil fuels and takes up about 75% of all fossil 

based reserves from the world [1]. Based on 2013 data, research shows that the available 

fossil fuel reserves would serve the global requirements for more than a century (114 years) 

with the current consumption rate [2]. Apart from the Asian region, the reserves of Europe 

and North-America would serve the local consumption for almost three centuries (Figure 1). 

However, with the ever-increasing consumption of China and India, these estimates are far 

from that mark point. 

On the contrary, coal reserves are decreasing and the consumption rate shows an increas-

ing tendency, particularly in the three major mining countries, namely China, India and Aus-

tralia [3]. 

The primary use of coal is in electrical power generation which is followed by iron pro-

duction, where coke is used as fuel and reducing agent. In 2012, from the total coal share of 

world energy consumption 43.24% was used in electrical power generation, 25.07% was 

consumed by the industrial sector, while less the one third was used by the rest. 
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Figure 1 

Coal reserves to production ratio (2013) [2] 

 

 

Figure 2 

World coal production (2012–2040) [3] 

 

 

Figure 3 

Coal share of world energy consumption by sector (2012) [3] 

The primary consumption of coal is based on the release of the chemical energy stored within. 

As the ratio of the available quantity and the quality of coal reserves are inversely propor-

tional, lower rank coals are often used as base materials to produce char coke in coking pro-

cedures. The by-product of the procedure is synthesis gas. A part of the synthesis gas is used 

in-situ, to supply the energy required by the coking [4]. Coal also serves as a base material 
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in gasification processes where the solid energy source is converted into synthesis gas, that 

could be used either as a base material in chemical synthetisations or as fuel in power gener-

ation. The process of the gasification has several advantages [5-8]: 

‒ through gasification, a more valuable product can be produced that can not only serve 

as fuel in power generation, but also as a base material for chemical industrial appli-

cations; 

‒ carbon dioxide emission rates are lower, even if the synthesis gas is used in power 

generation applications; 

‒ the sulphur released from coal steam gasification is in form of H2S rather than SO2, 

which can be removed from the synthesis gas and can be used in sulphur and sulphuric 

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 the combustion 

of coal; 

‒ the total volume of gas that has to be cleaned after gasification is lower than that of 

the combustion. 

 

1. MATERIALS AND METHODS 

The low rank brown coal used in the gasification experiment is from the North-East brown 

coal basin in Hungary. In the series of experiments prepared, the gasification was investigated 

in a two-stage setup using two furnaces with separate temperature control. Heat resistant steel 

pipes were used in the experiments as gasifiers, where the two gasifiers were connected 

through a third steel pipe (Figure 4). The setup allowed an investigation of the pyrolysis 

divided into two stages where one was set up for a low temperature and the other for a higher 

temperature pyrolysis. The synthesis gas produced in the lower temperature pyrolysis was 

routed through the high temperature zone of the setup.  

 

 

Figure 4  

The route of the synthesis gas produced in the two-stage gasification experiment 

 

The base material (low rank brown coal) and the solid phase products were examined with 

the following analysis techniques:  

Moisture contents were analysed with a Mettler Toledo HB43-S type analyser, using the 

EN 14774:2009: Solid biofuels. Determination of moisture content – Oven dry method stand-

ard analysis procedures.  
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Standard EN 14775:2010: Solid Biofuels – Determination of Ash Content was used to 

determine the ash content. The analysis was carried out in a HK-45/12 V type heating furnace 

with 12 kW nominal power. 

The elemental composition of the samples was analysed based on Standard EN 15104-

2011: Solid Biofuels – Determination of Total Content of Carbon, Hydrogen and Nitrogen – 

Instrumental Methods with a Carlo Erba EA 1108 elemental analyser. The program Eager 

200 was used to collect and analyse the data. 

Standard EN 14918:2009: Solid biofuels – Determination of calorific value was the basis 

of the determination of the higher heating value (HHV), using a Parr 6200 type calorimeter, 

then in the light of certain corrections, i.e. the hydrogen or moisture content of the sample, 

the lower heating value (LHV) was calculated. 

The softening and melting properties of the ash ware analysed with a SYLAB IF2000G 

type instrument a based on the standard CEN/TS 15370-1: 2006: Solid biofuels – Method for 

the determination of ash melting behaviour. Characteristic temperatures method: 

Thermoanalytical measurements were conducted with MOM Q1500D Derivatograph ca-

pable of TG-DTG-DTA measurements. 

The synthesis gas analysis for the energy conversions is detailed in the article The Two-

Stage Pyrolysis of Hungarian Brown Coal to Reduce Hydrocarbons within Synthesis Gas, 

also published in the current issue. 
 

 

2. RESULTS 

2.1. Base material conversion 

During pyrolysis, the base material is exposed to heat to release its moisture content and part 

of its volatile content. Thus, the coal produced has higher carbon content and has better com-

bustion parameters. Part of the moisture and volatile content released during pyrolysis can 

condense when passing through the cooling system, while the rest of the gas produced is 

composed of combustible gases like hydrogen, carbon monoxide and methane. Beside the 

non-condensable gases, carbon dioxide and, in a small volume percentage, hydrocarbons are 

also produced. 

Within the gasification, the main objective beside clean synthesis gas production is the 

highest rate of conversion with the least amount of carbon retained in the ash and slug. The 

conversion rate is mostly defined by the temperature of the gasification [9], which can be 

observed in our investigation as well (Figure 5). 

The weight loss of the converted base material (low rank brown coal), which was pre-

dried at 110 °C, at 450 °C pyrolysis was 17.8%. The same base material at 900 °C pyrolysis 

shows a weight loss of 30.9%w/w. Most of the base material in the pyrolysis is converted to 

gas phase while between 2–3.55%w/w is re-condensed in the cooling procedure. The liquid 

condensed can be separated to two phases. One phase is a dense tar phase, while the other is 

a thin phase mostly composed of water. The tar phase is about 0.3–0.5% of the base material. 

The most convenient recycling of this phase is the re-insertion in the gasifier, where it can be 

further decomposed in the high temperature pyrolysis. 

After the pyrolysis, the residual solid phase material still has high carbon content that can 

transformed through steam gasification to produce synthesis gas or it can be used as a base 

material in power generation. 
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Figure 5 

Conversion rate of the base material 

2.2. Solid phase analyses 

2.2.1. Moisture and ash content 

The starting material, low rank brown coal, had a moisture content just below 15%w/w 

(Table 1). The moisture content was removed in the drying procedure before the experiments, 

therefore, the produced liquid phase in the pyrolysis can be measured in relation to the dry 

base material. 

The relation between the temperature of the pyrolysis and the residual ash content of the 

solid phase after the experiments can be revealed by ash content determination. The low 

temperature pyrolysis slightly increased the ash content ratio to 25.68%w/w, while the high 

temperature pyrolysis further increased it to 40.70%w/w. This is the expected result of the 

released volatiles, which are mostly composed of hydrocarbons. Therefore, the initial carbon 

content of the coal decreases, while having the same amount of ash as the base material. 

Table 1 

Moisture and ash contents 

Moisture content of the base material 14.95%w/w 

Ash content of the base material 19.95%w/w 

Ash content after the low temperature pyrolysis 25.68%w/w 

Ash content after the high temperature pyrolysis 40.70%w/w 

 

 

2.2.2. Elemental analyses 

The low rank brown coal used in the experiments has a carbon content below 50%w/w and 

an oxygen content of 20%w/w, which is typical for low rank coals (Figure 6). However, the 

sulphur content is rather increased compared to typical values in these types of coals, which 

further increases the cost of the removal from the synthesis gas. After the first stage of the 

experiment, the low temperature pyrolysis (L.T.P.), the elemental analysis showed a de-

creased elemental content in every element measured apart from sulphur. This can be con-

cluded as an enrichment due to the low temperature pyrolysis, as it results in an increased 

sulphur ratio. Further increasing the temperature, the elemental contents show a decreasing 

tendency with the exception of the carbon content. The enrichment of carbon in the resulted 

solid phase of the high temperature pyrolysis (H.T.P.) can be related to the considerably re-

duced oxygen content that slows down the char gasification reactions. 
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Figure 6 

Elemental composition of the analysed materials 

 

 

 

Figure 7 

Elemental composition of the base material and the solid residues after the low  

and high temperature pyrolysis 

Further calculations balanced to 100g of the originally introduced base material is used to 

calculate the amount of each element remained within the residual material after each exper-

iment (Figure 7). It is apparent from the analysis that the amount of oxygen remaining after 

the low temperature pyrolysis has a significantly higher concentration than that from the high 
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temperature pyrolysis, where the oxygen from the base material is almost completely absent. 

The sulphur content of the base material, even after the high temperature pyrolysis, is present 

with 70%w/w of its original quantity. This high amount of sulphur content after the high 

temperature pyrolysis indicates that brown coal coke is still not the most suitable material for 

power generation purposes through combustion, as it requires SO2 removal from the flue gas 

which significantly decreases its value in this sector. However, it is still a proper base material 

for both steam gasification and power generation because of the 70%w/w residual carbon 

content. Due to the quantity of hydrogen after the high temperature pyrolysis, only steam 

gasification is validated as a route for synthesis gas production. 

 

2.2.3. Thermal analysis 

Through thermal analysis the structural composition of the base materials can be derived, which 

includes the moisture, volatile, char and ash content of the analysed material (Figure 8). 

The finely ground materials used in thermal analysis can bind moisture from the environ-

ment (3–6%w/w) within a short timeframe, which is evidently visible in Figure 8. The com-

bustible carbon (volatile and char) from the base material has a significantly higher volatile 

to char ratio than the coke from the 900 °C pyrolysis experiment. Even at 900 °C, the thermal 

analysis suggests 22% volatile content within the coal. However, these results must be han-

dled with care as the measurements are short compared to a pyrolysis experiment and the 

results can show significant deviations when they are compared to elemental analyses (Fig-

ure 7) or standard ash content determination procedures (Figure 9). The standard procedure 

of the ash content determination is achieved by a several-hour-long heat retention compared 

to that of the derivatograph, which is completed after reaching a certain temperature (1330 

°C) of the measurement. The values of the ash content determination are 2–3% higher in 

every case of the samples and these should be considered as real quantities in the determina-

tion.  

 

 

Figure 8 

Proximate analysis of the samples 

The measurements with the dervivatograph can also give information about the weight loss 

kinetics of the samples (Figure 9). In all three samples, the weight decreases linearly and 

slowly, therefore, the interpretation of each separate processes (volatilisation, combustion 

etc.) are difficult. After time-derivation of the curves and comparing them to the original 

weight loss curves, the exact interval of each process can be determined. The determined 

temperature intervals are presented in Figure 10. 
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Figure 9 

The weight loss of samples with temperature increase  

Examining each process, it can be seen that the samples from the base material and the low 

temperature pyrolysis behaved similarly. The drying, volatilisation and combustion of fixed 

carbon happened in the same temperature frame. Since the moisture content of the samples 

are retained through absorption in the preparation phase, it will not be analysed further. If the 

samples from the base material and the low temperature pyrolysis are compared it can be 

noticed that the combustion of the volatiles is shifted up in temperature. Therefore, it can be 

concluded that the easily mobilised light weight hydrocarbons are no longer present in this 

sample. Examining the typical temperature ranges of the sample from the high temperature 

pyrolysis it can be seen that the combustion of the volatiles start at the same temperature as 

well. This suggests that the composition of the released hydrocarbons is similar to that of the 

low temperature pyrolysis. However, the amount of the released hydrocarbons is lower in the 

case of former. The lower amount of released hydrocarbons is also supported by the volati-

lisation temperature interval which, in the case of the sample from the high temperature py-

rolysis, is significantly lower. The final temperature of the sample combustions are consistent 

with the elemental compositions (Figure 6): the higher the carbon content, the higher the 

final burning temperature is. 

 

Figure 10 

The temperature intervals of each process for the three analysed samples 
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2.2.4. Heat of combustion and calorific value 

The determination of the combustion heat and calorific values (Table 2) shows that the base 

material (pre-dried low rank brown coal) has the highest heat of combustion. The heat of 

combustion decreases as the pyrolysis temperature increases. Comparing the sample from 

the base material to the sample from the low temperature pyrolysis, the heat of combustion 

drops 1%. On the other hand, high temperature pyrolysis shows a drop of 14% compared to 

the base material. The source of the drop in the heat of combustion is the increased specific 

ash content for each temperature treatment (pyrolysis). During pyrolysis, the produced coke 

has less combustible components per weight which results in a higher inert component (ash) 

per weight. The calorific value of the residual coke after the high temperature pyrolysis still 

has high energy content, its heat of combustion is comparable to high-quality wood pellets. 

Analysing the calorific value of the samples showed higher value for the sample from the 

low temperature pyrolysis, contrary to the combustion heat values which was only 1% lower. 

This is the result of the higher hydrogen content of the base material. As it can be seen in the 

following equitation, the amount of hydrogen within the sample has more dramatic effect on 

the results calculated: 

 

 𝐿𝐻𝑉 = 𝐻𝐻𝑉 − 24.493 ∗  (9 ∗  𝐻 + 𝑊) [𝑘𝐽/𝑘𝑔] (1) 

where:   H – hydrogen content, w% 

   W – moisture content, w% 

 

Table 2 

Heat of combustion and calorific value of the samples 

Sample 
Heat of combustion, 

MJ/kg 

Calorific value, 

MJ/kg 

Base material 20.76 19.65 

Pyrolysis at 450 °C 20.60 19.73 

Pyrolysis at 900 °C 17.95 17.48 

 

 

2.2.5. Ash softening analysis 

The ash softening temperature of the base material is essential in the design phase of the 

experiment, regarding the gasifier and the furnace properties. Our experiment was planned 

to be carried out at 900 °C. Still, taking into account the inertia of the furnace and the later 

planned gasification medium, in which partial oxidation reactions can occur, the temperature 

can swing up to 200–300 °C in certain zones of the gasification.  

Because of the temperature increase, the deformation of the test bars prepared from the 

ash based on standard CEN/TS 15370-1: 2006 can be characterised with the following 5 

states/temperatures (Figure 11.): 

1) Original sample; 

2) Shrinkage starting temperature: the area of the test bar decreases by 5 % because of 

sintering, the departure of CO2 and/or volatile alkaline metals; 

3) Deformation temperature: the temperature at which the softening of the test bar 

seems to start, i.e. the surface is changing, the edges are getting rounded, the test bar 

is starting to swell. The starting temperature of the softening; 
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4) Hemisphere temperature: the temperature at which the shape of the test bar resem-

bles a hemisphere. The height of the molten test bar is the half of its diameter; 

5) Flow temperature: the temperature at which the height of the test bar is the half of 

the height measured at hemisphere temperature. 

 

 
Figure 11 

Phases in the ash melting process [11] 

1) Original sample; 2) Shrinkage; 3) Deformation; 4) Hemisphere; 5) Flow 

The shrinkage of ash from the low rank brown coal used in our experiment starts at 1108 °C 

and the deformation takes place at 1257 °C. This temperature range is within the temperature 

zone of our experiment. In case of incidental occurrences of temperature swings, this can 

cause clogging if the softened ash sticks to the wall of the gasifier. Therefore, the close track-

ing of temperatures is an essential requirement in our experiments. The temperature logger 

created for this experiment is detailed in the article Easy to Use Tailored Automatic Data 

Logger Design Using Microcontrollers in a Two-Stage Gasification Experiment also pub-

lished in the current issue. 

Table 3 

The softening properties of the ashes of the coal 

Properties Temperature, °C 

Shrinkage starting temperature 1108 

Deformation temperature 1257 

Hemispherical temperature 1346 

Fluid temperature 1376 
 

 

2.3. Water fraction analysis 

The water fraction formed in our experiment is mainly composed of water and small amounts 

of condensed hydrocarbons (tar). The amount of water fraction was measured and sampled 

after each experiment and the combustion heat of the tar fraction was also determined. Pre-

sented in the base material conversion section in Figure 2, it is noticeable that the amount of 

liquid phase formed during the high temperature pyrolysis is higher than that of the low tem-

perature. After settling, the liquid phase can be separated into two phases which shows the 

same tar to water ratio phase after both low and high temperature pyrolysis, 13% to 87% 

respectively. After analysing the combustion heat of the formed tar, it was concluded that 

while the amount of tar formed is small, it cannot be overlooked as its average heat of com-

bustion 16.48 MJ/kg. Based on these results, the amount of tar formed can be used in power 

generation. However, according to the literature its corrosive properties is a main disad-
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vantage [12, 13] of its usage. The implementation of corrosion-resistant combustion equip-

ment entails considerable additional costs, but due to the small amounts produced, further 

gasification can be a considerable solution. 

 

2.4. Energy conversion 

From the data acquired from the elemental composition, heat of combustion and quantities, 

we can determine the energy conversion rates. As a consequence of the space constraints, the 

formation and the analysis of the synthesis gas are detailed in the article The Two-Stage Py-

rolysis of Hungarian Brown Coal to Reduce Hydrocarbons within Synthesis Gas, also pub-

lished in the current issue. 

The base material used in our experiment has higher heating value (HHV). In the pyrol-

ysis experiment, this was partly converted to a gas phase and partly to a liquid phase. The 

distribution of each phase from the samples of the two pyrolysis experiments and the base 

material are presented in the Figure 12. With the increase of the experiment temperature, the 

energy content locked in the solid phase is transformed into gas and liquid phase. 

 

 
Figure 12 

The energy content of the sample taken from the base material and pyrolysis experiments 

 

 

Figure 13 

Energy content of the produced materials presented in relation to temperature 

20,76
16,93

12,40

0,04

0,07

3,79

8…

0

5

10

15

20

25

Original coal Low Temperature

Pyrolysis

High Temperature

Pyrolysis

E
n
er

g
y
 c

o
n
v
er

si
o

n
, 

M
J

Gas

Liquid

Solid

∑20,76 ∑20,76

Gas = 0.0444x - 0.57

R² = 0.9976

Liquid = 0.0004x + 0.008

R² = 0.9932

Solid = –0.0447x + 100.56

R² = 0.99770

20

40

60

80

100

0 200 400 600 800 1000

E
n
er

g
y
 c

o
n
v
er

si
o

n
, 

%

Temperature, °C

Gas Liquid Solid



The Analysis of the Solid and Liquid Phase Products of Two-Stage Pyrolysis 57 

 

 

 

If the transformed energy is considered 100% (20.76 MJ/kg), the linear coefficient is clearly 

visible when the generated weighed combustion heat is presented in relation to the tempera-

ture (Figure 13). Based on the equations given on the diagram, the percentage of the energy 

content of the base material at the given temperature present as solid, liquid and gaseous 

phase can be determined. 
 

 

SUMMARY 

The analysis of the solid and liquid phase products were presented in this paper, detailing the 

conversion rates and processes from our two-stage pyrolysis experiment. The experiment 

setup is based on two reactors placed in two independently controlled furnaces, and con-

nected to allow the flow of the produced synthesis gas from one reactor to another. In each 

reactor, different reactions take place at different temperatures. The aim of this paper was to 

present the analysis of the produced solid and liquid phases. 

The conversion rate at the high temperature pyrolysis was expected to be higher than at 

lower temperature. However, around 70% of the carbon and sulphur content of the base ma-

terial is still in the product, even after the high temperature pyrolysis. Therefore, the most 

apparent route for further energetic use of the product is steam gasification, especially con-

sidering the high sulphur content still trapped in the produced coke. 

From the determination of ash softening it became evident that the precise tracking and 

control is essential to avoid any malfunction of the system that could be caused by ash sof-

tening and clogging the reactor pipes. 

Also, it was determined that the liquid phase formed in the cooling systems contains small 

quantity of by product in the form of tar. Although, the quantity of tar is small, it has signif-

icant energy content. Therefore recycling it can also be beneficial. 

By examining the energy conversion, a relation between the percentage of the energy 

content of the base material and the temperature can be drawn. At any given temperature the 

solid, liquid and gaseous phase present in the product can be estimated. 
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