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HIGHLIGHTS

e Steam gasification of low rank Greek lignite (LG) and its chars was explored.

e Chars showed improved textural properties, higher fixed carbon and alkali index than raw LG.

¢ Slowly pyrolyzed chars exhibited higher carbon conversion and syngas yield.

e A close relationship between the syngas yield and the physicochemical properties was disclosed.

e The H,/CO ratio can be suitably adjusted by co-feeding H,0 and CO, as gasifying agents.
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Low-rank lignite is among the most abundant and cheap fossil fuels, linked, however, to
serious environmental implications when employed as feedstock in conventional ther-
moelectric power plants. Hence, toward a low-carbon energy transition, the role of coal in
world's energy mix should be reconsidered. In this regard, coal gasification for synthesis
gas generation and consequently through its upgrade to a variety of value-added chemicals
and fuels constitutes a promising alternative. Herein, we thoroughly explored for a first
time the steam gasification reactivity of Greek Lignite (LG) and its derived chars obtained by
raw LG thermal treatment at 300, 500 and 800 °C. Moreover, the impact of CO, addition on
H,0 gasifying agent mixtures was also investigated. Both the pristine and char samples
were fully characterized by various physicochemical techniques to gain insight into
possible structure-gasification relationships. The highest syngas yield was obtained for
chars derived after LG thermal treatment at 800 °C, due mainly to their high content in
fixed carbon, improved textural properties and high alkali index. Steam gasification of
lignite and char samples led to H,-rich syngas mixtures with a H,/CO ratio of approxi-
mately 3.8. However, upon co-feeding CO, and H,O, the H,/CO ratio can be suitably
adjusted for several potential downstream processes.
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Introduction

When the Paris Agreement for climate change was signed in
2015, coal demand was in the midpoint of a three year decline
[1]. Various issues, such as the competition from renewable
energy sources and natural gas along with the intergovern-
mental policies for a clean energy transition, are continuously
narrowing the role of coal in world's energy mix. Currently
coal amounts to ca. 28% share of global primary energy con-
sumption and almost 40% of electricity generation with future
projections, however, pointing out the importance of coal for
power generation in developing countries and for the “more
energy” scenario [2].

The ambitious Green Deal Strategy has been recently
launched by the European Commission, to render Europe the
first carbon neutral continent in 2050. In this direction, 42
regions in EU, including the Western Macedonia region,
Greece, have to gradually abandon coal activities. Low rank
lignite coal amounts to ca. 45% of coal recoverable reserves in
the word [1], constituting the dominant domestic fossil fuel in
Greece for more than six decades [3]. Even nowadays, lignite
still holds a very high share in electricity production in Greece
accounted for 30% in 2019 [3,4]. However, the steep phase out
of coal without alternative strategies to effectively diversify
the regional economy will result to serious socio-economic
implications, as revealed by the recent study of Kar-
asmanaki et al. [5].

In the above context, several strategies have been proposed
for a just energy transition that are linked with the continu-
ation of lignite reserves exploitation either for non-energy
uses or by employing more energy efficient processes. In this
regard, the Academy of Athens, in the report for the forth-
coming post-lignite era in Greece, pointed out the importance
of an alternative energy conversion route for lignite involving
its gasification to syngas [6]. Syngas comprises a major
building block for several commercially important chemicals
(e.g., ammonia, methanol) and synthetic fuels (synthetic
natural gas, Fischer-Tropsch liquid fuels) as well as an envi-
ronmental friendly feedstock for power generation in gas
turbines, internal combustion engines (ICEs), and fuel cells
(e.g., SOFCs, MCFCs) [7—15].

The conventional coal-to-electricity process through the
Carnot limited Rankine thermal cycle exhibits low electrical
efficiency (ca. 30—40%), associated in addition with large
amounts of key air pollutants [4,16]. Hence, the effective uti-
lization of low rank coals in alternative energy conversion
processes, such as pyrolysis and gasification, is of great
importance towards improving the fuel characteristics and
energy efficiency [17,18].

Gasification is the main thermochemical process to convert
solid fossil or bio-based fuels to synthesis gas by using an oxidant
medium comprising of either sub-stoichiometric air/oxygen or
H,0 or CO, or mixtures of the above constituents to effectively
control the heat requirements of the process and the distribution
of products in the generated syngas [19,20]. Coal gasification, as
an endothermic process, is typically taking place at elevated

temperatures, i.e., 700—1200 °C, resulting in a mixture involving
primarily H,, CO, CO, and CH, but also negligible amounts of
light hydrocarbons and other impurities such as H,S, NH3, HCN,
etc, along with tars (vapors of condensed hydrocarbons) diluted
in syngas and a solid residue consisting of chars and the inor-
ganic matter of solid fuel feedstock [21]. As a complex physico-
chemical process, the gasification efficiency and syngas
composition are strongly dependent on the fuel characteristics
and employed operational conditions such as temperature,
gasifying agent, heating rate, residence time, etc. [19,22,23].

The physicochemical characteristics of coals (e.g., fixed
carbon, volatile matter, porosity, moisture, ash, etc) are
crucial properties in defining gasification performance. Lignite
coals are characterized by higher porosity compared to other
bituminous coals, and thus are more suitable as fuel feedstock
in the gasification process [10,24—26]. Torrefaction at low
temperatures and slow pyrolysis at medium and high tem-
peratures of pristine coals under inert atmospheres offer the
opportunity to obtain chars with better characteristics as fuel
feedstock in gasification. The produced chars exhibit higher
energy density and porosity compared to pristine coals
attributed to the devolatilization process and removal of
contained moisture as well as to the rearrangement of the
carbonaceous matter during thermal treatment [26—31].

The gasification operational conditions are also decisive
factors for the overall process efficiency, i.e., how much of the
chemical energy contained in the solid fuel is transformed
into syngas [20]. Depending on the extent of the endothermic
and exothermic reactions taking place during gasification,
temperature significantly affects the carbon conversion and
syngas composition [32]. In general, carbon conversion and H,
and CO contents in synthesis gas are enhanced, while the
amounts of CO,, CHy, hydrocarbons and tars are suppressed
upon increasing the gasification temperature [19]. This
behavior can be mainly attributed to the prevailing role of
endothermic reactions at higher temperatures.

Syngas composition depends also strongly on the
employed gasifying agent [33]. Although air gasification is
among the most facile and economic technologies, the dilu-
tion by the N, (more than 50%) notably reduces the heating
value of produced syngas [33]. On the other hand, steam
gasification results in hydrogen-rich syngas mixtures, related,
however, to high heat requirements [34,35]. CO, can be also
considered as gasifying agent although has been more
scarcely implemented. CO, interacts with carbon and gener-
ates almost exclusively CO, increasing carbon conversion ef-
ficiency, offering at the same time an alternative pathway to
utilize industrial CO,-captured emissions [36,37]. The combi-
nation of H,0O and CO, in gasifying agent mixtures at certain
compositions can effectively manipulate the H,/CO ratio in
produced syngas according to its desired end uses.

Various studies have been dealing with the effect of coal
thermal treatment [28,29,31,38,39] and the use of steam [38,40]
or H,0—CO, mixtures [41—46] as gasifying mediums on the
overall gasification performance. For instance, Na Li et al. [28]
reported on the gasification performance of Shengli lignite
and its demineralized chars by employing steam as gasifying
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agent. They observed that inherent minerals significantly
reduced the ignition temperature of gasification, leading to
higher H, production rates. They also noted that by increasing
the thermal treatment of demineralized chars, higher syngas
yields with increased H, contents can be obtained. This
behavior was attributed to the formation of active catalytic
complexes during the pyrolysis stage. J. Fermoso et al. [38]
concluded that the increase in steam concentration during the
gasification of five different rank coal chars led to an increase
in their gasification reactivity. Sylvie Valin et al. [47] examined
the influence of CO, as gasifying medium by totally or partially
replacing steam during biomass gasification in a fluidised
gasifier. The experimental tests revealed that the substitution
of steam by CO, can adjust the H,/CO ratio in syngas, meeting
the required specifications for DME synthesis.

Relative works regarding the gasification of Greek lignite
are quite rare [36,48,49]. Two of these studies report on the
gasification of lignite employing CO, as gasification agent
[36,48] and another one refers on its catalyst-aided hydro-
gasification [49]. A group at the National Technical Univer-
sity of Athens [18,50] elaborated a feasibility assessment on
the air combined gasification of Greek lignite and solid
waste in a case study focused on the region of Western
Macedonia, Greece. Notably, there is no work in the existing
literature investigating the steam gasification of Greek
lignite and its derived chars through torrefaction or slow
pyrolysis.

In the light of the above aspects, the present work origi-
nally explores the effect of Greek lignite thermal treatment
protocols on the physicochemical characteristics of as-
produced chars and their steam gasification efficiency in
terms of carbon conversion, instant gasification rate, syngas
production and composition. All fuel samples were physico-
chemically characterized by employing several methods
including ultimate and proximate analysis, X-ray fluorescence
(XRF), N, physisorption, Scanning Electron Microscopy/Energy
Dispersive X-ray spectroscopy (SEM/EDX) and Fourier Trans-
form Infrared (FTIR) spectroscopy to reveal possible relation-
ships between the gasification performance of fuels and their
physicochemical properties. Moreover, the impact of CO, as a
co-gasifying medium on the gaseous products distribution
and H,/CO ratio in syngas was explored.

Experimental
Char production process

In the present work, lignite coal (LG) from the Western
Macedonia basin, Greece, was selected as fuel. The procedure
to obtain the chars at 300 °C (LG300), 500 °C (LG500) and 800 °C
(LG800) has been described in detail elsewhere [51]. In brief, 75
gr of raw lignite (1-3 mm) were first inertized with pure ni-
trogen flow (500 cm®/min) for 1 h and then thermally treated
under a nitrogen atmosphere (250 cm®/min, heating ramp
20 °C/min) up to the selected temperature (300, 500, and 800 °C
for 1 h). The yields of the solid and liquid fractions were
calculated by the weight of the solid residue and the
condensed liquids after heat treatment. Permanent gases
yield was calculated by the difference between the initial

weight of pristine LG and the corresponding masses of solid
and liquid fractions for each char.

Physicochemical characterization

All samples were characterized in terms of inorganic matter
content (XRF), pore (BET method),
morphology/composition (SEM/EDX), and structural proper-
ties (FTIR Spectroscopy), as described in detail elsewhere [51].
The chemical composition of fuel samples was determined in
a Vario Macro CHN/CHNS analyzer for elemental analysis and
in a TGA LECO 701 analyzer for proximate analysis.

structure surface

Gasification experiments

The gasification experiments of pristine lignite (LG) and as-
produced chars (LG300, LG500 and LG800) using either H,O/
He or H,0/CO,/He mixtures were performed in a fixed-bed
reactor, loaded with 0.1 g of fuel. The experimental appa-
ratus and the gasification reactor have been presented in
detail elsewhere [51].

Initially, the fuels were exposed to an inert He flow of
30 cm?® (STP)/min up to 300 °C (5 'C/min), where the feed was
immediately switched to the selected gasifying mixture. The
gasification experiments were carried out at 300—950 °C with a
heating ramp of 2 °C/min. In the case of H,O/He mixtures,
pure He (Air Liquide) was flowing through a temperature-
controlled saturator containing twice-distilled liquid water,
and H,0 vapors diluted in He were introduced into the reactor
through heated provisional tubes. The standard H,O feed
concentration employed during steam gasification experi-
ments was equal to 10 vol% H,0/He, while 5 and 20 vol% H,0/
He mixtures were also examined. Pure CO, (Air Liquide) was
also used to obtain H,0/CO,/He gasifying mixtures of various
compositions. The outlet composition was analyzed by an on
line gas chromatograph, equipped with TCD/FID detectors
[51]. In each gasification experiment, the effluent stream was
directed to a cold trap to remove steam and tarry matters prior
to their entrance to the Gas Chromatograph. Ash was trapped
in the frit and removed mechanically after the end of the
experiment.

Results and discussion
Characterization of fuel samples

Solid, liquid and gaseous fractions during char production

The pristine coal employed as fuel in the present study is a
lignite coal (LG) from the South field of Ptolemaida-Kozani
mines, Western Macedonia, Greece. Lignite chars were ob-
tained via torrefaction at 300 °C (LG300) and slow pyrolysis at
500 °C (LG500) and 800 °C (LG800), as described in Section Char
production process. The solid (S), liquid (L) and gaseous (G)
products’ yields during LG torrefaction and slow pyrolysis, are
presented in Fig. 1. Thermal treatment decreases the solid
yield from 88 wt.% at 300 °C, to 73.5 wt.% at 500 °C and to
57.7 wt.% at 800 °C. This downward trend can be mostly
attributed to the decrease of the organic matter in chars
through the devolatilization process and to a minor extent to
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Fig. 1 — Solid (S), liquid (L) and gas (G) yields (wt.%) as a
function of thermal treatment of pristine lignite (LG) at 300,
500 and 800 °C. The distribution of the organic matter,
moisture and ash in the solid fraction is also depicted in
the corresponding bars.

moisture removal upon the increase of treatment tempera-
ture (Fig. 1). The latter is further confirmed by the proximate
analysis included in Table 1. On the other hand, the yield of
gaseous products follows an opposite trend, as it is increased
from 3 wt.% at 500 °C to 27.2 wt.% at 800 °C, with negligible
gaseous products during torrefaction. The yield to liquid
products exhibits a volcano behavior with a maximum value
of 23.5 wt.% at 500 °C. The present findings are consistent with
relevant literature studies; at low temperatures the solid
products (chars) are favored, while high temperatures lead
mainly to permanent gas molecules [29,52—55].

Chemical analysis

The chemical composition of pristine lignite (LG) and chars at
300, 500 and 800 °C, namely LG300, LG500 and LG800, respec-
tively, are listed in Table 1. The fixed carbon is increased
gradually from 17.96 wt.% over raw LG to 19.12, 21.89 and
25.23 wt.% for LG300, LG500 and LG800 samples, respectively.
Similarly, the ash content progressively increased from 40.18
over pristine LG sample to 42.03, 48.79 and 62.97 wt.% for
LG300, LG500 and LG800 chars, respectively. On the other
hand, the hydrogen, oxygen, volatile matter (VM) and mois-
ture contents decrease steadily upon increasing the thermal
treatment temperature (Table 1).

The total sulphur content is decreased from 0.97 wt.% in
raw lignite to 0.92 wt.% and 0.68 wt.% in the LG300 and LG500
fuels, respectively, and rises to 0.90 wt.% in LG800 char. The
modifications in the sulphur content of different samples are
attributed both to the organic sulphur that is released through
the devolatilization process upon thermal treatment as well
as to the inorganic sulphur in the contained ash [56].

The decrease of the VM content in the lignite chars, which
is more pronounced at high thermal treatment temperatures,
is attributed to the rapture of the loosely bonded volatile
compounds. The latter results in cracks and open pores into
fuel's particles, further facilitating the devolatilization step
[29,53]. This is in accordance with the pronounced impact of
thermal treatment on the surface area and pore volume, as
further discussed below. During the torrefaction and slow
pyrolysis processes, the removal of aliphatic carbon from the
pristine lignite is followed by the removal of aliphatic
hydrogen and oxygen, in agreement with the decrease of
hydrogen and oxygen contents with treatment temperature
(Table 1). The hydrogen content in the as-produced chars is
decreased by raising the treatment temperature, principally
attributed to the release of unstable groups such as free and
self-associated OH groups and aliphatic C—H structures
[56,57]. The demonstrated decrease in oxygen can be associ-
ated to the breakage of carboxyl, hydroxyl and methoxyl
functional groups at elevated temperatures [58]. This down-
ward trend is less prominent for LG, LG300 and LG500 samples.
Remarkably, the oxygen content in the case of LG800 char
almost eliminates, implying the complete rapture of the
aforementioned groups. Notably, in all samples, the fixed
carbon content was lower than the overall carbon content
denoting that the remaining carbon is still present in the as-
produced chars, as volatile matter.

Figure 2 presents the H/C and O/C mass ratios for pristine
LG and as-derived chars. Interestingly, an almost monotonic
decrease of H/C and O/C ratios is observed upon increasing the
temperature of thermal treatment, due to the decomposition
of weakly-bonded unstable substances and functional groups
[29,58,59]. This trend presumably indicates that thermal
treatment improves the maturity of lignite [57]. The latter is
further revealed by the calculation of aromaticity factor, f,, for
all samples (Table 1), which was obtained from the expres-
sions provided in Refs. [60—62], on the basis of volatile matter
content, carbon content and atomic ratios (H/C, O/C, and O/H),
on dry and ash-free basis. The aromaticity factor is mono-
tonically increased with the increase of thermal treatment
temperature, reflecting the descending trend of H/C and O/C

Table 1 — Chemical composition and aromaticity of fuels.

Ultimate analysis® Proximate analysis Atomic  Aromaticity factor”
(Wt.%) (Wt.%) ratios
C H N () S  Moisture Ash® Volatile matter® Fixed carbon® H/C 0/C fa
LG 36.22 294 105 18.63 0.97 7.67 40.18 41.85 17.96 0.97 0.38 0.410
LG300 3632 275 1.05 16.93 0.92 3.36 42.03 38.84 19.12 091 0.35 0.440
LG500 3526 175 0.99 1253 0.68 2.82 48.79 29.31 21.89 0.60 0.27 0.538
LG800 34.01 1.01 0.73 0.37 0.90 0.91 62.97 11.79 25.23 0.36 0.01 0.792

& On dry basis.
® On dry and ash-free basis.
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Fig. 2 — H/C and O/C mass ratios of raw lignite and as-
produced chars.

atomic ratios. This behavior implies the increase of aromatic
carbon atoms in coal upon thermal treatment and thus the
enhanced maturity of as-produced chars [62].

Table 2 summarizes the weight concentration of the prin-
cipal inorganic oxides of the ash contained in LG and lignite
chars. The main constituents of ash are SiO,, CaO and Al,Os,
followed by lower amounts of Fe,03, SO3, MgO and Na,0, while
minor quantities of K,0, TiO,, P,Os and Cl were also observed.
The high calcium content is in line with the limestone soils
prevailing in the Western Macedonia region, Greece.

In order to signify the importance of minerals in ash, the
alkali index (Al) was calculated, according to the following
equation [63—65]:

Al= Ash (wt. %) x [(Fe,O3 + CaO + MgO + Na,O + K,0)/
(Si0; + Al,03)] 1)

As shown in Table 2, the alkali index follows the order:
LG800 (51.73) > LG500 (38.62) > LG300 (32.99) > LG (31.53).
Taking into account that both the pristine LG sample and
chars have a similar ash composition, the increase of alkali
index upon thermal treatment can be associated to the

Table 2 — Ash composition (wt.%) and alkali index of fuel

samples.

Oxide LG LG300 LG500 LG800
Na,0 2.16 2.18 1.61 1.58
MgO 5.11 5.15 5.04 5.33
ALO; 14.79 14.76 14.96 14.51
Si0, 34.19 34.33 34.84 33.74
P,Os 0.38 0.39 0.41 0.40
al 0.02 0.02 0.02 0.02
SO, 5.86 5.68 3.70 5.09
K,0 0.96 0.97 0.99 1.00
Ca0 30.21 30.23 31.77 31.73
Fe,03 5.19 5.15 5.48 5.45
TiO, 0.80 0.82 0.83 0.83
Alkali Index (Al) 31.53 32.99 38.62 51.73

increased ash content in chars instead to the different ash
composition [66]. A close relationship between the Al and the
achieved gasification efficiency is obtained in the present
work, implying its key role on gasification process, as further
discussed below.

Textural and morphological analysis

Figure 3 depicts the main textural characteristics of raw LG
and chars, in terms of BET area, total pore volume (V) and
average pore size diameter (d.,). BET area increases upon
increasing the thermal treatment temperature.

More specifically, the pristine LG exhibits a BET surface
area of 7.1 m?/gr, while the slowly pyrolyzed LG500 and LG800
lignite chars showed values of 19.5 and 190.6 m?% gr, respec-
tively. The pore structure of the torrefied char (LG300) did not
reveal any notable change, compared with the pristine lignite.
Subsequently, V, increases while d,, monotonically decreases
at temperatures above 300 °C. Similar findings were also ob-
tained by Fanrui Meng et al. [56] and Xiaofei Feng et al. [57],
who concluded that the BET area and total pore volume of
chars are increased with thermal treatment, being conducive
of the fact that the removal of VM and tars during pyrolysis led
to the formation of internal porosity.

Figure 4 shows the SEM pictures of the pristine lignite and
chars. The corresponding analysis of the LG sample reveals
non-uniform particles with a size ranging from 1 to 10 pm. As
far as the morphological analysis of the lignite chars is con-
cerned, they exhibit irregular morphology with medium to
high polydispersity and 0.7—5 um sized particles. It can be
reasonably assumed by SEM analysis (Fig. 4) that LG300 and
LG500 samples possess a more compact pore structure in
comparison with LG800 sample. This is in accordance with the
improvement of textural properties upon increasing the
treatment temperature (Fig. 3).

It has been shown that the different counterparts in the
ash could affectin a different extent the gasification process
[16,67]. Alkalis, transition and alkaline earth metals were
found to catalytically enhance the gasification performance,
while silicon, aluminium and Cl exhibit a detrimental effect.
In this regard, EDX was employed to obtain the relative
atomic surface concentration (at.%) of coal chars (Table 3).
The atomic concentration of C is clearly reduced with
thermal treatment, coinciding with the decreased trend of
carbon content (Table 1). On the other hand, the oxygen
atomic composition remains essentially unaffected upon
thermal treatment. In this point, the difference between the
oxygen content measured by the EDX and ultimate analysis
should be mentioned. The latter is ascribed to the fact that
ultimate analysis records the elemental oxygen contained
in the organic matter and moisture of fuel samples, without
taking into account the oxygen bonded to the metallic
phases in ash. On the contrary, the oxygen concentration
obtained by the EDX measurements corresponds to the
overall oxygen contained in the carbonaceous matter, H,O
and metal oxides of the ash [68,69]. Therefore by taking into
account the co-current decrease of organic matter and
moisture with the increasing share of ash in char samples,
upon thermal treatment, the unmodified oxygen content
measured by the EDX analysis for all samples can receive a
consistent explanation.
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Fig. 3 — Textural properties of pristine lignite and chars.
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Fig. 4 — SEM micrographs (x5000) of pristine lignite and as-produced chars.

Table 3 — EDX analysis of pristine lignite and as-produced

chars.

Elemental analysis (at.%)

Samples C (e} Fe Ca Mg Al Si
LG 65.1 30 0.17 1.74 0.33 0.73 1.20
LG300 57.9 3245 027 425 038 123 233
LG500 58.14 33.19 0.68 2.04 0.36 1.29 3.85
LG800 5372 31.34 1.05 428 108 239 416

LG800 char possesses the highest alkali index (Table 2) and
relatively higher atomic surface concentrations of Fe, Ca and
Mg, compared to LG, LG300 and LG500, which could further

support its enhanced gasification performance (see below). In
a similar manner, a pronounced catalytic effect of the
aforementioned transition and alkaline earth metals on coal
gasification performance has been reported [70—72].

FTIR analysis

The FTIR analysis of the employed fuels are presented in Fig. 5.
As revealed by the comparison of the obtained spectra, there
are obvious differences spotted mainly in the regions of
3400—3300 cm %, 1500—1400 cm ! and 1100—1000 cm 1. More
specifically, in the wavenumbers range of 3700—3000 cm?,
pristine LG reveals the presence of bands associated to hy-

droxyl (—OH) groups, which are disappeared on the thermal
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treated samples, confirming the very low moisture content of
the lignite chars (Table 1). The aliphatic C—H bands of —CH,
and —CH; groups are noticeable at the 2900-2800 cm™’
stretching region in the raw LG sample [73] while these bands
are almost absent in chars, in line with their lower volatile
matter content and H/C atomic ratio (Table 1). The intensity of
the bands appeared at lower wavenumbers (1600—1400 cm ™ ?),
which are commonly assigned to aromatic C=C ring stretch-
ing vibration, carbonyl, carboxyl, and C=O groups, is
decreased upon increasing the temperature of thermal treat-
ment, due to the removal of volatiles and the reorganization of
the carbonaceous structure [56,74—78]. The peak at ca.
1000 cm ' is ascribed to C—O stretchingin aliphatic ethers and
alcohols [56]. The intensity of this peak, which represents
oxygenated functional groups, is gradually decreased upon
increasing the temperature of thermal treatment.

The bands at ca. 870 and 750 cm ™' can be attributed to
aromatic structures with isolated hydrogen atoms [79]. The
intensity of these bands is diminished in the case of LG800,
implying that the aliphatic structures as well as the oxygen-
containing groups are decreased upon thermal treatment
[78]. This behavior is in agreement with the decreasing trend
of H/C and O/C atomic and mass ratios (Table 1, Fig. 2).

Steam gasification performance of raw LG and LG chars

It is generally agreed that coal gasification proceeds through
three sequential steps, described below. The principal re-
actions (R) taking place during coal gasification are listed in
Table 4. Initially, the primary devolatilization step of pyrol-
ysis process is taking place at lower temperatures, where the
loosely bonded VM is released and a char residue is produced
along with the generation of tars, volatiles and non-
condensable gases (R1, R2). Then, the secondary devolatili-
zation step and thermal cracking reactions start to prevail,
leading to the generation of additional volatiles and tars,

which are further decomposed or reformed to H,, COx, CHy
and light hydrocarbons (R2-R5). In parallel, several partial
and complete oxidation reactions involving carbon/char, CO
and H, (R6-R9) are also taking place. Finally, at higher tem-
peratures, the gasification reactions of the remaining
carbonaceous matter (R11-R14) along with C1 and light hy-
drocarbons steam/dry reforming reactions (R15-R18) are
occurring, while the overall reaction network is balanced by
the equilibrium of the forward and reverse Water Gas Shift
(WGS) stoichiometry (R10).

Figure 6 shows the effect of operation temperature on the
concentration (vol%) profiles of the main syngas constituents,
namely H, (6a), CO, (6b), CO (6¢c) and CH, (6d), during steam
gasification of LG and char fuels in non-isothermal experi-
ments under batch mode of operation. More specifically, the
gasification of LG, LG300 and LG500 fuels is completed at
850—900 °C, while LG800 is totally consumed at 950 °C, in
consistency with the order of fixed carbon content (Table 1).
The produced synthesis gas mixture is comprised mainly of H,
and CO,, followed by CO and minor amounts of CH,.

The H, production profile exhibits an onset temperature at
ca. 500 °C with two maxima. The first peak centered at ca.
600—650 °C is assigned to the second step of gasification and
coincides for all fuels, while the second maximum, ascribed to
the endothermic gasification and reforming reactions, is ob-
tained at 750 °C for LG, LG300 and LG500 samples and shifts to
800 °C for LG800. The first peak can be attributed to the H,
production through the reactions R2-R5 [20,80,81], with the
LG300 and LG500 samples offering the higher H, concentra-
tion, followed by the pristine LG and LG800 fuels. At high
temperatures the R13-R18 endothermic processes are strongly
favored and a second maximum for H, formation is obtained,
following the order LG800 > LG500 = LG300 > LG. This
behavior aligns with relevant literature works on coal gasifi-
cation, using several fuel feedstock such as brown coal, bitu-
minous coal and Shengli lignite [20,82—84].

Regarding CO, and CO, all fuels follow the same profile at
temperatures up to 600—650 °C. Noticeably, CO, and to a lower
extent CO exhibit a remarkable production at 300 °C, i.e.,
during the first step of gasification. According to Butermman
et al. [85], thermal cracking at low temperatures breaks down
the carbonaceous lattice, resulting in oxygen removal, and in
turn on char conversion to COx (R6-R8). Carbon dioxide gen-
eration, was generally favored at lower temperatures due to
the exothermic carbon and CO oxidation reactions (R7 and R8)
and the WGS equilibrium (R10). At higher temperatures
(>650 °C), CO, is sharply decreasing, favoring CO generation,
through the endothermic R12, R16 and R18 reactions [53,86],
while the final outlet concentrations of CO, and CO are mostly
dictated by the equilibrium reverse WGS reaction (R10) [87]. In
all samples, the CO generation profile coincides with the
corresponding hydrogen production curves (Fig. 6a), present-
ing two peaks located at ca. 650 and 750—800 °C. LG800 due to
its higher fixed carbon (Table 1) provides more active sites for
the R12 and R13 reactions, which due to their endothermic
character are favored at higher temperatures (>650 °C).
Overall, the higher CO, molar fraction at the effluents
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Table 4 — Reaction network during coal gasification.

A/A Reactions Process AH®p, (kJ/mol)
R1 Coal — Volatiles + Char + Tars Pyrolysis =
R2 Coal — Tars+CO,+CO+H,y+CHy+H,0+HCs Primary/Secondary devolatilization —
R3 Tar — CO, + CO + H, + CH,4 + HCs Tar decomposition —
R4 Tar + H,O — CO + H, + CO, + CH,4 + HCs Steam tar cracking —
R5 Tar + CO, — CO + H, + CH, + HCs Dry tar cracking -
R6 C+ %0, < CO Partial oxidation —110.5
R7 C+ 0, = COy Complete oxidation —393.6
R8 CO + % 0y — CO, CO oxidation —283.5
R9 H, + %4 0, — H,0 H, oxidation —285.8
R10 CO + H,0 < CO, + H, Water Gas Shift (WGS) —41.2
R11 C + 2H; < CHy Hydrogasification —74.9
R12 C + CO, < 2CO Reverse Boudouard 172.5
R13 C +H,0 < CO+H, Primary steam gasification 131.3
R14 C + 2H,0 < CO, + H, Secondary steam gasification 90.2
R15 CH4 + H,0 < 2CO + 3H, Steam methane reforming 206.2
R16 CH4 + CO, < 2CO + 2H, Dry methane reforming 247 .4
R17 CpHp, + n H,O < (n + m/2) H, + n CO Hydrocarbons steam reforming =
R18 CpHpy, + n CO, & m/2H, + 2n CO Hydrocarbons dry reforming —
24
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Fig. 6 — Concentration (vol%) profiles of H, (a), CO, (b), CO (c) and CH, (d) in syngas during LG and chars steam gasification.
Fuel mass: 100 mg, gasification agent: 10 vol% H,0/He, flowrate: 30 cm*/min.

compared to CO is attributed to the enhanced WGS reaction in
excess H,0 conditions, in accordance to other research works
[83,88—91].

Concerning CH,, a dual maximum peak at ca. 450 °C and
650 °C is appeared, mostly in LG and LG300 fuels. The low
temperature feature corresponds to primary devolitilization,

while the high temperature peak is ascribed to secondary
devolitilization and thermal cracking processes as well as to
exothermic COx methanation and hydrogasification (R11) re-
actions [19]. The thermally treated samples at 500 and 800 °C
exhibit only the high temperature peak, in line with their
lower VM content (Table 1).
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To further elaborate on the reactivity of raw LG and lignite
chars (LG300, LG500 and LG800), the carbon-to-gas percent
conversion, X (%), the instant gasification rate, R (min~}), and
the cumulative syngas products’ yields, Y; (mol), were calcu-
lated by employing the following equations [28,72]:

t

J' {R-Ziyi -MWC} -dt

Vir+100
X(%) =2 - -100, withi = (CO, CO,, CHy)  (2)
0

1 dx

R=T00"ar G)
[ F

o t*Yi . TN
Y = JVM_ Vi wdt, withii = (H,, CO, CO,, CHy) )

where F, is the outlet flowrate of effluents in 1t/min, yu», yco,
Vcua, Ycoo, are the molar fractions of H,, CO, CH, and CO,,
respectively. MW¢ is the molecular weight of carbon (12 g/
mol), Vi is the molecular volume at 298 K and 1 atm (24.436 1t/
mol), and my is the initial weight of carbon (gr) introduced in
the lab-scale gasifier.

Figure 7 shows the carbon conversion of raw lignite and as-
produced chars during steam gasification. For all samples, the
carbon conversion increases with the gasification tempera-
ture following a sigmoid profile. At temperatures below 450 °C,
carbon conversion corresponds to primary devolitilization,
generally following the order of the volatile matter content,
i.e., LG > LG300 > LG500 > LG800. At the temperature regime of
450—650 °C, where the secondary devolitilization and thermal
cracking processes are prevailing, the carbon conversion of
LG, LG300 and LG500 is similar (ca. 42%) and slightly higher
than that of LG800 (35%). Above this temperature, where the
endothermic reactions are favored, significant differences on
carbon conversion are obtained.

In particular, the carbon conversion for pristine LG is
slowing down from 650 to 800 °C and then levels off up to

100
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Fig. 7 — The dependence of carbon conversion, X (%) on the
operation temperature, for raw LG and as-produced chars
during steam gasification. Fuel mass: 100 mg, gasification
agent: 10 vol% H,0/He, flowrate: 30 cm®/min.

950 °C at 77%. On the contrary, the conversion rate of chars
was significantly enhanced at higher temperatures. LG300 and
LG500 follow a parallel trend, with LG500 exhibiting slightly
higher carbon conversion values in the temperature range of
650—800 °C. Then, above 800 °C, the carbon conversion values
for both samples are reaching a plateau and remain un-
changed up to 950 °C, with X equaled to 88 and 92% for LG300
and LG500 chars, respectively. Interestingly, LG800 exhibits a
sharper increase in carbon conversion, surpassing that of the
other char samples at temperatures higher than ca. 800 °C,
reaching almost complete carbon conversion at 950 °C. Over-
all, in terms of maximum carbon conversion values at the
temperature region where gasification is prominent, the fuels
follow the order LG800 > LG500 > LG300 > LG, indicating the
beneficial impact of thermal treatment on carbon conversion.

Figure 8 presents the instant gasification rate, R (min ), for
all fuel samples as a function of operational temperature.
Below 450 °C, the gasification reactivity can be mainly attrib-
uted to primary devolitilization as well as to fuels oxidation by
the released oxygenated functional groups. In this tempera-
ture region, the reactivity of samples follows the order of
volatile matter content, i.e. LG > LG300 > LG500 > LG800, as in
the case of carbon conversion (Fig. 7). Above 450 °C, the gasi-
fication rates gradually increase with temperature showing a
maximum at ca. 680 °C, where the gasification reactivity fol-
lows the order: LG500 > LG300 > LG800 > LG, coinciding again
with the carbon conversion order at the intermediate tem-
perature regime where secondary devolitilization and thermal
cracking reactions are taking place (Fig. 7).

At temperatures higher than 700 °C, the gasification rate of
LG, LG300 and LG500 is gradually decreased and almost
nullified at 900 °C. However, as in the case of carbon conver-
sion, LG800 exhibits a different behavior. The instant gasifi-
cation rate of LG800 slightly decreased from 700 to 750 °C and
then increased up to 830 °C, in line with the high temperature
hydrogen peak (Fig. 6a). Subsequently, the instant gasification
rate declined and almost vanished at 950 °C. Therefore, in

0.010
—a—LG
—a—LG300
0.008 —=—LG500
—u—LG800
0.006 -
=
£
© 0.004
0.002 -
0.000 -

T v I r I r T N T v T M T r
300 400 500 600 700 800 900 1000
Temperature, °c

Fig. 8 — Instant gasification rate, R (min~"), versus
temperature for raw lignite and as-produced chars during
steam gasification. Fuel mass: 100 mg, gasification agent:
10 vol% H,O/He, flowrate: 30 cm>/min.
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terms of the instant gasification rate, the fuels reactivity at
high temperatures coincides with carbon conversion,
implying that as the temperature of thermal treatment in-
creases more reactive fuels can be obtained.

Figure 9 illustrates the cumulative products' yields and
distribution (Eq. (4)) of the three major gaseous products (H,,
CO, and CO,) in syngas mixture for raw LG and lignite chars.
Methane formation rate is about two orders of magnitude
lower compared to the evolution rates of H,, CO and CO, and
thus it is not shown for brevity's sake. The total syngas yield
is notably enhanced upon thermal treatment following the
order: LG800 (55.8 mmol/gr) > LG500 (53.6 mmol/gr) > LG300
(50.1 mmol/gr) > LG (41.6 mmol/gr). The alterations in syngas
composition during the raw LG and chars steam gasification
is also illustrated in Fig. 9. For the raw lignite, the cumulative
molar fractions of H, and CO, are almost identical (ca. 44%)
whereas the corresponding value for CO is four times lower
(11.8%). Moreover, it can be observed that as the thermal
treatment temperature increases, the CO, molar fraction
reduces from 44 to 38%, for LG and LG800, respectively, while
in turn the H, content increases from 43.8 to 49.3%. Inter-
estingly, the differences in CO concentration are less
significant.

Based on the above results, it could be claimed that the
thermal treatment of Greek lignite (LG) remarkably modifies
the physicochemical features of chars, which in turn are
directly reflected on the gasification performance. The latter is
clearly verified in the present work by the observed modifi-
cations on carbon conversion, instant gasification rate, and
syngas yield. Notably, the increase of thermal treatment
temperature of lignite leads to chars with improved BET sur-
face area and pore volume, higher fixed carbon and ash con-
tent. On the other hand, the thermal treatment of LG results in
lower volatile matter content as well as in lower H/C and O/C
mass/atomic ratios.

Interestingly, the fixed carbon content, ash content, Al
and BET area follow in general the same trend as the carbon
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Fig. 9 — Cumulative yields and product distribution (H,, CO
and CO,) in syngas during steam gasification of LG and
chars. Fuel mass: 100 mg, gasification agent: 10 vol%
H,0/He, flowrate: 30 cm®/min.

conversion (Fig. 7), the instant gasification rate (Fig. 8) and
the cumulative syngas yields (Fig. 9), i.e., LG800 > LG500 >
LG300 > LG, highlighting their essential impact on gasifi-
cation. The reverse behavior is obtained for H/C and O/C
mass/atomic ratios and volatile matter content. These
structure-property relationships are clearly demonstrated
in Fig. 10, where the effect of the aforementioned factors on
total gas yield under steam gasification conditions is
represented.

Similar results were observed in the studies of Wei H. et al.
[64] and Qinhui Wang et al. [92], who reported that chars with
larger BET surface area (Sggr) possess higher gasification
reactivity under CO, or H,O atmospheres. Moreover, the
higher gas yield capacity of chars derived by Shengli lignite
(SL) was attributed to their higher fixed carbon content [93].
Jiangdong Yu et al. [19] reviewed the gasification of low-grade
coals in sub- and supercritical water. They concluded that as
the O/C and H/C ratios decrease along with the increase in
fixed carbon content, upon increasing thermal treatment
temperature, chars with better gasification performance were
obtained. Na Li et al. [28] examined the steam gasification of SL
and its demineralized chars. They observed that inherent
minerals contained in the ash enhanced the steam gasifica-
tion reactivity of all examined fuels towards the generation of
H2 and C02
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Adjusting the H,/CO ratio in syngas mixtures

The thermochemical conversion of solid fuels through gasifi-
cation is of particular importance, taking into consideration
the multiple potential uses of syngas [94—96]. Syngas can be
employed to produce several commercially important chem-
icals (i.e., CH;OH, HCOOH, HCHO, CH3;COOH, DME, olefins,
methylamines, gasoline additives, etc) and synthetic gaseous/
liquid fuels through the Fischer-Tropsch process. Moreover, it
can be directly employed as feedstock in ICEs, gas turbines
and fuel cells (i.e., SOFCs, MCFCs) [10,12,14,97,98]. However, a
suitable H,/CO ratio in syngas is required for each application.
For example, in the case of methanol and Fischer-Tropsch
synthesis the desired H,/CO ratio equals to 2 [13], while in
DME production and oxo-synthesis the ideal H,/CO ratio is
unity [96]. On the other hand, when syngas is directly used as
fuel in energy conversion systems (e.g., SOFCs), a higher H,
content is required towards an increased power generation.

The syngas quality depends strongly on the fuel physico-
chemical features and the employed operational conditions,
with gasifying agent being one of the most decisive parame-
ters. In view of this fact, the employment of CO, as gasifying
agent has been recently considered as a promising approach
to utilize CO, captured industrial emissions [99]. Moreover,
when replacing steam, CO, possesses several advantages such
as minimized heat requirements for vaporization, while it can
additionally manipulate the H,/CO ratio in syngas to meet the
required specifications for different applications [100].

In view of the above aspects, and in an attempt to tune the
H,/CO ratio in syngas, the effect of CO, as an additional gasi-
fying agent to H,O/He mixtures is explored.

Figure 11 depicts the effect of H,0:CO, molar ratio on H,
and CO production (mmol/g) as well as on H,/CO molar ratio,
during lignite gasification. When only H,0 is employed as
gasifying agent, the increase of steam content from 5 to 20 vol
% has a beneficial effect on both H, and CO yields, being more
pronounced in the case of H, generation. More specifically, the
H, yield is increased from 13.1 mmol/g at 5 vol% H,0/He to
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Fig. 11 — Effect of gasifying agent composition on H, and
CO yields and on syngas H,/CO ratio during the gasification
of raw lignite.

18.2 and 21.9 mmol/g for 10 and 20 vol% H,0/He, respectively.
The corresponding values for CO yield are 3.5, 4.9, 5.5 mmol/g
for 5, 10 and 20 vol% H,0/He, respectively. This behavior can
be attributed to the excess steam, which shifts the equilibrium
of gasification and reforming reactions to H, and CO produc-
tion [38,40]. However, it should be noted, that the H,/CO ratio
remains essentially unaffected (3.7—3.9) upon H,O content
variation (5-20 vol%), implying that the overall reaction
network is not modified.

Interestingly, upon gradually co-feeding CO, in 10 vol%
H,0/He gasifying mixture, the H, and CO production profiles
follow opposite trends. In particular, as the CO, content in-
creases, the dry gasification and reforming reactions are pre-
vailing resulting in an enhanced formation of CO at the
expense of H, [101]. The CO yield increases from 9.2 to 11.1 and
14.1 mmol/g for 5, 10 and 20 vol% CO, addition in the gasifying
agent mixture, respectively. On the other hand, upon CO,
addition the H, yield sharply drops down to approximately
9.3 mmol/g for 5 and 10 vol% CO, and to 5.9 for 20 vol% CO,
concentration, respectively. The present findings are in a good
agreement with relevant studies on combined H,0O and CO,
coal gasification [41,43,101—104].

The aforementioned effect of CO, addition on H, and CO
yields is directly reflected on the H,/CO ratio, which is sub-
stantially decreased in CO,-containing mixtures, reaching
values close to unity in the case of 5 and 10 vol% CO,, while
becoming equal to 0.5 for 20 vol% CO,. On the basis of the
presentresults, it could be stated that H,O concentration has a
negligible effect on H,/CO molar ratio, offering H,/CO ratios as
high as ca. 3.8. This limits the potential use of steam gasifi-
cation syngas in chemical industry. However, upon co-feeding
CO,, the H,/CO ratio is decreased and depending on the
employed CO, content in the agent mixture a suitable syngas
quality can be obtained for various downstream processes for
chemical production [105].

Conclusion

The gasification of low-rank Greek lignite fuel (LG) and its
derived chars by thermal treatment at 300, 500 and 800 °C was
explored by employing steam as the main gasification agent.
Physicochemical characterization of both the pristine lignite
and as-produced chars revealed the pronounced effect of
thermal treatment on the textural properties, fixed carbon
content and alkali index, which then are reflected in the ob-
tained gasification performance. In particular, the total syngas
yield is notably enhanced upon thermal treatment, following
the order: LG800 (55.8 mmol/gr) > LG500 (53.6 mmol/
gr) > LG300 (50.1 mmol/gr) > LG (41.6 mmol/gr). As revealed,
the observed gasification yield is proportional to BET surface
area, fixed carbon content, and alkali index whereas it is
inversely analogous to volatile matter content and to O/C and
H/C ratios. Moreover, in an attempt to adjust the H,/CO ratio of
syngas the combination of steam and dry gasification was
explored by co-feeding H,O/CO, mixtures as gasifying agents.
Interestingly, CO, addition drastically decreases the H,/CO
ratio from ca. 3.8 in the case of steam mixtures to values close
to unity for H,0/CO, gasifying agent mixtures. The latter is of
particular importance in terms of CO, utilization and syngas
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quality adjustment offering new directions in the field of low-
rank carbons upgrade. It should be noted, however, that
although LG800 exhibits the best behavior in terms of syngas
production, further techno-economic assessment is required;
solid yields and energy consumption during char production
at different temperature levels should be taken into account
towards the optimum fuel choice for practical applications.
Work is in progress towards this direction.
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