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Abstract
The efforts of the world research activities involved in clean coal technologies development focus to a considerable extent 
on integrated hydrogen and power generation technologies based on coal gasification. As an alternative to combustion pro‑
cesses, gasification offers increased efficiency, lower negative environmental impact as well as wider application range of 
the main product—synthesis gas—in power generation and chemical syntheses. In order to select the most optimal lignite 
for the purpose of gasification, it is necessary to determine coal reactivity, the key parameter characterizing how fast the fuel 
reacts with the gasifying medium and controlling its process ability in thermochemical conversion to energy and/or energy 
carriers. This paper presents the experimental results of oxygen/steam gasification of lignite coal char in a fixed bed reactor 
under atmospheric pressure and at the temperature of 700, 800 and 900 °C; the samples come from an open pit lignite mine 
in the southwest of Poland. The effectiveness of the gasification process was tested in terms of the total gas and hydrogen 
yields, gas composition, carbon conversion rate and chars reactivity.
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1 Introduction

In Poland hard coal and lignite still constitute the main 
source of electricity production (Jureczka et al. 2019); for 
example, in 2020, as much as 63.53% of electricity was gen‑
erated from coal (PSE 2020; Żuk et al. 2021). In the light 
of the Green Deal approved by the European Commission 
on December 11th, 2019 (European Commission 2019), 
it is necessary to remove coal from the energy market as 
quickly as possible. This is the main contributor to achieve 
by all the EU member states climate neutrality in 2050 
(Brauers and Oei 2020). The primary objective of green 

transformation is to convert the national economies into 
new, modern economic structures which are characterized 
by low environmental impact with energy systems equipped 
with environmentally friendly technologies mainly based on 
renewable energy (Cheba et al. 2022). Environment‑friendly 
policy should be based on a transition being nothing else 
than new production and consumption patterns which imply 
less negative impacts on the environment, primarily in terms 
of greenhouse gas emissions (Söderholm 2020; Bekun et al. 
2019). Nowadays, the sustainable development is becoming 
a priority in the economic policy in all the EU countries, 
which is widely discussed in the literature. Brodny and Tutak 
(2021) present the methodology which allows to assess the 
level of sustainable energy development in the Central and 
Eastern European countries.

The European Union implemented restrictive target in 
the race for carbon neutrality in Europe (European Commis‑
sion 2021). The change of electricity systems in the whole 
Europe constitutes a huge challenge. Aszódi et al. (2021) 
in their research focus on the investigation of how the con‑
version of the European electricity system can serve the 
abovementioned objectives of the security of energy supply 
and climate protection. Amundsen and Hermansen (2021) 
focus in their study on the analysis of green transformation 
in Norwegian primary industries.
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The efforts of the European Commission to achieve 
climate neutrality are important in the fight to reduce 
greenhouse gas emissions. However, to be successful, 
it requires a global commitment and solidarity efforts to 
reduce greenhouse gas emissions. China, which is the 
biggest world coal producer, established the Green Min‑
ing Construction plan, the Chinese national strategy of 
the environmental regulation of the industry to motivate 
mining enterprises to improve their resource utilization 
efficiency, protect the environment and harmonize the rela‑
tionships between the enterprises and the communities (Qi 
et al. 2019).

Decarbonization is particularly challenging for the 
countries that have largely used fossil fuels to meet their 
energy needs (Papadis and Tsatsaronis 2020; Brauers 
and Oei 2020). Poland is one of such countries (Gabruś 
et al. 2021). The process of decarbonisation of the energy 
sector in Poland will be long and difficult considering 
the economic as well as social aspects (Tokarski et al. 
2021). The application of coal gasification technologies 
in the Polish energy sector may successfully contribute to 
facilitate this process (Cabuk et al. 2020; Smolinski et al. 
2021; Park et al. 2020) while combined with the CCUS 
(Urych et al. 2022; Zdeb et al. 2019; Van Bergen et al. 
2009;). Bielowicz (2019) presents the deep analysis of 
the Polish lignite for gasification in the  CO2 atmosphere. 
Coal gasification technologies have been known for more 
than 100 years. Gasification is a thermochemical process 
in which the fuel, coal in this case, is converted into syn‑
thesis gas composed of carbon monoxide and hydrogen. 
There are number of papers deal with the lignite co‑gasi‑
fication with biomass/biowaste or Solid Recovered Fuel. 
Gallucci et al. (2021) tested mixtures of lignite and solid 
recovered fuel in the oxygen/steam co‑gasification ori‑
ented on optimization of the process operating conditions. 
Savuto et al. (2020) evaluate the quality of gas produced 
from co‑gasification of waste materials (lignite blends 
with solid recovered fuel). Lampropoulos et al. (2021) 
showed that the highest syngas yield was obtained for 
steam chars gasification at 800 °C, due to high content 
in fixed carbon.

The synthesis gas generated in the gasification process 
can be transformed into fuel components or gasoline by 
further chemical syntheses or, after the separation of car‑
bon monoxide, used to obtain hydrogen (Smolinski et al. 
2010; Pio et al. 2020). Considered to be a clean, environ‑
mentally friendly energy carrier, hydrogen can be used in 
fuel cells or in the production of ammonia and fertilizers. 
In the refineries, such hydrogen can be applied to refine 

petroleum derivatives for motor fuels (Nikolsky et  al. 
2022). Apart from the entire path of chemical transforma‑
tions of synthesis gas, hydrogen can also be used in the 
power industry in IGCC systems, i.e. integrated gas‑steam 
systems combined with coal gasification (Mahmood et al. 
2018). The gasification process can be carried out in vari‑
ous reactors such as a fixed‑bed reactor, a fluidized bed 
reactor or a dispersion bed reactor. In the dispersion reac‑
tors, the coal powder reacts under high pressure at tempera‑
tures above 1000 °C with gasifying agents, mostly oxygen 
with the addition of water vapor.

Hydrogen is seen as a new environmentally friendly 
energy carrier (Aznar et al. 2006; Cormos 2012; Du et al. 
2021; Pinto et al. 2007). The European Commission is 
striving to build a dynamic hydrogen ecosystem in Europe 
(EU 2020; Espegren et  al. 2021; Capros et  al. 2019). 
This requires the solidarity of all actors, both public and 
private, at all levels including European, national and 
regional ones; and this cooperation must cover the entire 
value chain (Moliner et al. 2016; Hanley et al. 2018). 
The Hydrogen strategy for a climate‑neutral Europe 
(EU 2020) stipulates that the priority of the European 
Union is the production of the so‑called green hydrogen. 
Such hydrogen could be produced via electrolysis using 
wind and/or solar energy, which remains in line with the 
European Commission Green Deal targets for climate 
neutrality and the EU efforts to achieve zero emissions 
economy in 2050. This will require a coherent integrated 
energy system. Currently, renewable hydrogen is expen‑
sive (Krawczyk et al. 2016). Therefore, during the transi‑
tion period, it is assumed that blue hydrogen will be also 
accepted. Nowadays, blue hydrogen is produced by steam 
reforming of natural gas (Van Dyk et al. 2009; Verhelst 
et al. 2011; Polish Hydrogen Strategy to 2030 with the 
2040 perspective). Another option of hydrogen produc‑
tion in the midterm of hydrogen economy development is 
associated with the construction of coal gasification sys‑
tems which, however, due to their high emission (above 
10 kg  CO2 eq/1 kg  H2), must be combined with the CCS/
CCUS technologies (Krawczyk et al. 2016; Urych et al. 
2022).

The aim of this study was to present an attractive method 
of thermal utilization of lignite in the oxygen/steam gasifi‑
cation process oriented on hydrogen rich gas production. 
Several lignites from a Polish coal mine were tested in terms 
of their reactivity; based on their values, the lignite samples 
were selected for further gasification tests oriented on hydro‑
gen production.
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2  Materials and methods

The studied lignite coals (denoted as I, II, III and IV) 
were provided by an open pit mine in the Southwest of 
Poland. The physical and chemical parameters of the lig‑
nite samples tested were determined by the accredited 
laboratory of the Central Mining Institute in accordance 
with relevant standards: PN‑G‑04511:1980 (total mois‑
ture), PN‑G‑04560:1998 and PN‑ISO 1171:2002 (ash), 
PN‑G‑04516:1998 and PN ISO‑562:2000 (volatiles), 
PN‑G‑04513:1981 (heat of combustion, calorific value), 
PN‑G‑04571:1998 (carbon, hydrogen and nitrogen), and 
PN‑G‑04516:1998 (fixed carbon). The results of the analy‑
sis of the studied lignite samples in analytical state are 
presented in Table 1.

In the first part of the research, the reactivity tests of 
selected lignite coals (I–IV) were carried out in order to 
select the optimal coals for the study of the oxygen/steam 
gasification process oriented on hydrogen‑rich gas. The 
reactivity studies were performed using the SDT Q600 
thermogravimetric analyzer, TA Instruments. The SDT 
Q600 device enables the measurement of heat flow and 
mass changes related to phase changes and/or reactions in 
the tested samples in the temperature range from ambient 
temperature to the temperature of 1500 °C.

The measurements can be performed in an inert gas 
atmosphere (nitrogen, argon or helium) or in a reaction gas 
(oxygen, air, carbon dioxide). The sample heating speed is 
0.1–100 °C/min, and the sensitivity of the microbalance is 
0.1 µg.

In each reactivity test in TGA, a 10 mg lignite sample 
was placed in a measurement vessel and heated in an inert 
gas (nitrogen) atmosphere up to the temperature of the 

gasification process (700, 800 or 900 °C) with a heating 
rate of 10 °C/min. Then the gasifying agent—air was fed to 
the furnace with a flow rate of 100 ml/min. Gasification was 
carried out until a constant mass of the process residue was 
obtained. Based on the results of the weight loss over time 
in the gasification process, the reactivity was calculated at 
a 50% of coal conversion, R50, and the maximum reactivity, 
Rmax, in the gasification process:

and

where RX determines the reactivity at the X th degree of 
carbon conversion, 1/s; m0 is initial char weight, g; ma is 
ash weight, g; m is instant char weight at time t, g; dm/dt—
weight loss of the char at X th degree of carbon conversion. 
The tests determined the reactivity at 50% carbon conversion 
(R50) and the maximum reactivity (Rmax).

Based on the results of the reactivity tests, the lignite 
samples were selected for the second part of the study 
related to lignite oxygen/steam gasification oriented on 
hydrogen‑rich gas.

The research on the gasification of the tested lignite sam‑
ples was carried out with the use of a laboratory installation 
with a fixed‑bed reactor (see Fig. 1).

The tested 10 g lignite samples in analytical state, were 
heated in an inert gas (nitrogen) atmosphere to the set 
temperature of 700, 800 or 900 °C with the heating rate 
equal to 1.33 °C/s. When the set temperature was stabi‑
lized, a mixture of water vapor and oxygen (water vapor: 

RX = 1∕
(

m0 − ma

)

⋅ dm∕dt

X =
(

m0 − m
)

∕
(

m0 − ma

)

× 100%

Table 1  Physical and chemical parameters of the studied lignite sam‑
ples (in analytical state)

Parameter Lignite 
coal sam‑
ple I

Lignite 
coal sam‑
ple II

Lignite coal 
sample III

Lignite 
coal 
sample 
IV

Moisture (%w/w) 11.90 12.50 12.30 11.90
Ash (%w/w) 23.60 18.80 4.50 11.60
Volatiles (%w/w) 41.13 42.09 41.63 43.00
Heating value (kJ/

kg)
14,939 16,911 23,552 19,859

Calorific value 
(kJ/kg)

9720 10,695 13,284 11,936

C 28.00 30.80 37.10 33.40
S 0.382 0.352 0.136 0.982

1

2

3

4

Fig. 1  Photo of the laboratory scale installation for testing the gasifi‑
cation process of solid fuel. 1–Gasification agent supply with steam 
generator, 2–Fixed bed reactor with resistance furnace, 3–Gas cool‑
ing and purifying system: dryer, particulate filter, 4–Gas composition 
and flow rate measurement system: mass flowmeter and gas chroma‑
tograph
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oxygen = 0.5) was injected into the reactor with a flow rate 
of 5.33 ×  10−8 m3/s. The amount of the produced gas was 
measured with a mass flowmeter.

The concentration of the main gas components was meas‑
ured using the Agilent 3000A two‑channel gas chromato‑
graph with a PLOT U column (8×10−3 m × 0.32 ×  10−3 m) 
equipped with a thermoconductivity detector (TCD) to 
determine the concentration of carbon dioxide and gases 
containing 2/5 carbon atoms in the molecule and the MS5A 
PLOT analytical column (3.2 ×  10−3 m) with TCD for deter‑
mining the concentration of hydrogen, nitrogen, carbon 
monoxide and methane.

The volumes of the main gas components in the gasifi‑
cation process in each experiment, Vc, were calculated as 
follows:

where, Vc is the volume of the cth gas component obtained 
during the experiment,  m3; Cci is the volume concentration 
of the c th gas component in the i th time interval, %vol; Fi is 
the gas flow rate in the i th time interval,  m3/s; ti is the length 
of the i‑time period, s; n is the number of time intervals dur‑
ing the experiment.

The length of the time interval was equal for all the exper‑
iments, it resulted from the settings of the chromatographic 
method, and was 192 s, whereas the number of time intervals 
during the experiment was 19.

3  Results and discussion

In the first part of the study, the reactivity of 12 lignite sam‑
ples was tested with the use of a thermogravimetric analyzer. 
The thermograms of the thermogravimetric analysis are pre‑
sented in Fig. 2.

On the basis of the obtained thermograms presented in 
Fig. 2, the values of reactivity in the gasification process 
of 12 lignite samples at the temperature of 700, 800 and 
900 °C, with a 50% degree of coal conversion, R50, and 
maximum reactivity, Rmax, were determined. The results 
of the calculations of R50 and Rmax are summarized in 
Table 2. Reactivity is the basic parameter characteriz‑
ing how fast the fuel (lignite) reacts with the gasifying 
medium. The higher reactivity value means that the coal 
sample reacts better with the gasifying agent. Therefore, 
lignite with higher reactivity is more suitable for the gasi‑
fication process.

Vc =

n
∑

i=1

CciFi

100
ti

For all the lignite samples (I‑IV), a significant 
increase in the reactivity values (both R50 and Rmax), was 
observed with the increase in the temperature of the gasi‑
fication process. The lowest values of R50 and Rmax at all 
the tested temperatures were observed for lignite sample 
III, while the highest values of R50 and Rmax were identi‑
fied at 700 and 900 °C for lignite sample II, whereas at 
800 °C for lignite sample I. Reactivity indicates how fast 
a given lignite sample reacts with the gasifying medium. 
The higher value of reactivity means that the lignite 
reacts faster with the gasifying agent. Apart from the 
reactivity value, also other physicochemical parameters 
such as ash, moisture and carbon content have a signifi‑
cant impact on the selection of the optimal coal for the 
gasification process.

Based on an in‑depth analysis of the R50 and Rmax, 
measured for the obtained lignite chars, combined with 
the analysis of the physical and chemical parameters 
important from the gasification point of view, all the 
tested lignite samples are characterized by similar prop‑
erties for further gasification tests oriented on hydrogen 
rich gas production. Of course, the lignite samples with 
the highest R50 and Rmax will relatively more easily react 
with the gasification medium. Anyway, the differences 
in the R50 and Rmax observed among the studied lignite 
samples are not significant enough; based on that, all 
the studied lignite samples were selected to the second 
stage of the experimental campaign oriented on hydro‑
gen rich gas production. In that step, the lignite samples 
were put into the fixed bed reactor and heated to the 
set temperature of 700, 800 and 900 °C, respectively; 
when the temperature was stabilized, the  O2/steam as a 
gasification agent was injected  (O2:steam = 0.5). In the 
oxygen/steam gasification process of lignite at all the 
tested temperatures, hydrogen rich gas was produced. 
The average total volumes of the main gaseous compo‑
nents of the gas procedure in the gasification of lignite 
at the temperature of 700, 800 and 900 °C, respectively, 
are presented in Fig. 3.

During the gasification tests of four lignite samples, it 
was possible to observe an increase in the total gas yield 
with the increase of temperature from 700 to 900 °C. 
Moreover, a significant difference in the total gas yield 
could be also observed among the studied lignite samples 
I‑IV. Namely, for lignite samples I and II, a relatively 
lower total gas yield is observed in all the studied tem‑
peratures in comparison with the gasification of lignite 
samples III and IV. The lowest total gas yield is observed 
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Fig. 2  Thermograms for the air gasification process of the tested lignite samples: I, II, III and IV at the temperature of: a 700, b 800 and c 
900 °C
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Fig. 2  (continued)
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for lignite sample I, mainly due to the fact that sample I is 
characterized by the lowest carbon content as well as the 
highest ash content and the lowest heating and calorific 
values. The highest total gas yield is observed for the 
gasification tests of lignite sample III in all the studied 
temperatures. It could be explained by the uniqueness of 
lignite sample III due to the relatively lowest ash content 
and the highest C content among all the studied samples. 
Similar heating value is also the highest among all the 
studied samples.

Similarly, the lowest amount of hydrogen is produced in 
the gasification of lignite sample I in all the studied tem‑
peratures. The highest amount of hydrogen yield occurs in 
the gasification of lignite III. In that case, the gasification 
of the 10 g lignite sample I gives 2857 to 2940  cm3 of the 
total hydrogen yield at the temperature of 700 and 900 °C, 
respectively. Based on the total gas yield at the studied 
temperature as well as the composition of the produced 
gas, it is possible to calculate the carbon conversion in 
the gasification tests. The value of the calculated carbon 
conversion is presented in Table 3. On the basis of the pre‑
sented carbon conversion results, it is possible to observe 
an increase in the carbon conversion with the increase 
in the gasification temperatures. The highest carbon 

conversion is observed at the temperature of 900 °C for 
all the studied lignite samples.

Based on the average composition of the produced gas 
and the average total amount generated in the gasification 
tests, the calorific value of the produced gas (Qg) could be 
calculated as follows:

where  ci describes the concentration of the particular com‑
ponent in the produced gas while Wi describes the heat of 
combustion in kJ/kg. The calorific value of the gas generated 
in oxygen/steam gasification of lignite samples I, II, III and 
IV was calculated on the basis of the experimental data on 
gas volume and composition (see Table 4). Moreover, the 
ratio of the energy output in the produced gas to the energy 
input in lignite (Eout/Einput) was also calculated.

4  Conclusions

In the paper, four lignite samples were gasified with oxy‑
gen/steam under atmospheric pressure at the temperature 
of 700, 800 and 900 °C, respectively. The process was 
oriented on hydrogen rich gas production. In the first step 
of the experimental campaign, the reactivities R50 and 
Rmax were determined in order to select the best lignite 
for the gasification purpose. The lowest values of R50 
and Rmax at all the tested temperatures were observed 
for lignite sample III, while the highest values of R50 
and Rmax were identified at the temperature of 700 and 
900 °C for lignite sample II, and at 800 °C for lignite 
sample I. Based on the reactivity, all the studied lignite 
samples were selected for oxygen/steam gasification tests 
oriented on hydrogen rich gas production. In the gasifi‑
cation tests, the total gas yield as well as the hydrogen 
yield increased with the temperature of the gasification 
process. Moreover, significant differences in the hydro‑
gen yields were observed in the gasification process of 
various lignite samples. Namely, lignite samples I and 
II were characterized by lower hydrogen yield in com‑
parison with the gasification tests of lignite samples III 
and IV.

Qg =
∑

i
ci ⋅Wi

Table 2  The results of reactivity tests at 50% of carbon conversion, 
R50 and maximum reactivity, Rmax, in the process of gasification of 
the tested lignite samples I‑IV at the temperature of 700, 800 and 
900 °C

No. Lignite 
sample No.

Tempera‑
ture (°C)

R50 (1/s ×  10–3) Rmax (1/s×10–3)

1 I 700 2.25 4.54
2 I 800 2.87 6.08
3 I 900 3.34 6.89
4 II 700 2.37 5.04
5 II 800 2.44 5.29
6 II 900 3.41 7.08
7 III 700 2.11 4.49
8 III 800 2.25 4.84
9 III 900 2.55 5.28
10 IV 700 2.22 4.64
11 IV 800 2.42 4.99
12 IV 900 2.58 5.46
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Fig. 3  Total gas volume of the main gas component in the  O2/steam gasification process of lignite sample a I, b II, c III and d IV at the tempera‑
ture of 700, 800 and 900 °C, respectively
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