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Abstract

The co-pyrolysis and co-gasification of binary blends of a bituminous coal (PT), a petcoke
(PC) and two types of biomass (olive stones, OS; chestnut, CH) were studied at atmospheric
pressure in a fixed bed reactor. The pyrolysis and gasification were performed under nitrogen,
and steam/oxygen atmospheres, respectively. In a fixed bed reactor, the particles of the
different fuels are in close contact, providing an optimum means for evaluating possible
synergetic effects. Pyrolysis tests showed a lack of chemical interaction between the
components of the blend. Therefore, the composition of the gas produced during the pyrolysis
tests can be predicted from those of the individual components and their mass fractions.
During the co-gasification tests, different interactions were observed depending on the heating
rate. Low heating rates produced higher amount of CO and CO,, whereas tar yield decreased.
At high heating rates, the biomass and coal blends produced more tar but less H, and CO. The
effect of co-gasification on apparent thermal efficiency was also evaluated.
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Introduction

The energy systems of most of the developed countries are based on the use of fossil fuels,
and the energy demand is continuously increasing. The limited reserves are leading to a heavy
dependence on imported fuels. Additionally, the use of fossil fuels leads to production of
pollutants and have a very negative impact on the environment, especially from the point of
view of CO; emissions and the implications for global warming. For these reasons, one of the

current challenges of energy production is to reduce the dependence on fossil fuels and to
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create a more sustainable scenario. One of the most promising approaches for diversifying
energy resources is that of renewable energy, due to its less harmful environmental impact
than fossil fuels, and its potential contribution to preserving the equilibrium of ecosystems.
Moreover, renewable energies are indigenous resources, and an increase in their use will have
positive implications for the security of supplies. Among the different renewable energy
resources available, biomass is the most promising resource for the immediate future as it is
considered a carbon neutral fuel (that is the carbon dioxide released during biomass utilisation
Is an integral part of the carbon cycle).

On the other hand, hydrogen is generally considered to be the most promising energy carrier
of the future. The use of hydrogen could reduce current dependence on fossil fuels, and
contribute to reducing the negative effects of greenhouse gas emissions.® A hydrogen
economy based on renewable energy is envisaged as essential in the long term. Nowadays,
98% of hydrogen production comes from fossil fuels and, more specifically, 50% from the
reforming of natural gas.* However, drawbacks of this fuel are the instability of its price and
its limited reserves. This explains the continued search for lower and more stable energy
sources. The gasification of low-cost fuels could be and interesting alternative, as the fuel gas
produced could be used for both energy and chemical production.® Various solid fuels,
including coal, biomass, and even wastes such as petroleum coke, heavy refinery residuals
and municipal sewage sludge have all been employed as feedstocks in gasification.®™
Biomass gasification has been successfully demonstrated on a large scale and a variety of
biomass sources can be exploited in the gasification process.™"** However, current experience
is still limited and more research is needed in order to increase the knowledge and establish a
sounder basis for further progress. The co-gasification of coal and biomass can be used during
the transition from fossil fuels to renewable sources.

Nevertheless, in order to obtain a clean fuel such as hydrogen by means of gasification, the
CO,, produced in the process must be captured and stored. Co-gasification of coal and biomass
presents the advantage of a net reduction in CO, emissions, if CO, capture is contemplated in
the process.

In this work, the co-pyrolysis and co-gasification of mixtures of a bituminous coal, a petcoke
and two types of biomass were carried out. Pyrolysis tests were performed using nitrogen as
inert gas, while mixtures of steam, nitrogen and oxygen were used for gasification tests.
During the tests, the mass yield distribution in char, gas and liquids, were calculated and the
gas composition was measured. The objective of this work is to study the possible synergistic



effects of using coal and biomass during pyrolysis and gasification, with a special view to

producing hydrogen.

Experimental

In this work, a bituminous coal (PT), a petcoke (PC), and two types of biomass, olive stones
(OS) and chestnut tree residues (CH), were used. The samples were ground and sieved to
obtain a fraction with a particle size of 1-2 mm. The proximate and ultimate analyses, and the
high heating value of the samples used are presented in Table 1.

A quartz fixed bed reactor (20 mm internal diameter, 455 mm height) was used for the
pyrolysis and gasification tests. A sample mass of around 4 g was employed in all the tests. A
thermocouple in contact with the sample bed was used to measure the reaction temperature.
The pyrolysis tests were carried out at a heating rate of 15 °C min™ under nitrogen (150 cm®
min™). The gasification tests were performed using two different heating rates (15 and 100 °C
min™) under steam (70 vol. %) and oxygen (5 vol. %), carried by an inert flow of N, at a total
flow rate of 150 cm® min™.

During pyrolysis and gasification tests the samples were heated from room temperature up to
1000°C at a constant rate and this temperature was maintained until the end of the gas
production. The liquid fraction (e.g. tars and water, etc) was separated by condensation using
an ice bath. The non-condensable gases were collected in Tedlar® sample bags with a
polypropylene fitting for sampling. H,, N,, CO, CO,, CH,4, C,H, and C,Hg were analysed in a
gas chromatograph Perkin-Elmer Sigma 15 with a TCD detector. A Teknokroma 10FT
Porapak N, 60/80 and a Teknokroma 3FT Molecular Sieve 13X, 80/100 columns, were used.
The system was calibrated with a standard gas mixture at periodic intervals. At the end of
each test the solid fraction was weighed and the amount of gas generated during the
experiment was calculated from a nitrogen balance, since the nitrogen fed and its composition
in the gases evolved are known. The liquid fraction generated during the pyrolysis tests was

calculated by subtracting the mass of char and produced gases from that of the initial sample.

Results and discussion

Pyrolysis tests
The gas composition was determined by GC analysis, and plots of gas evolution versus time
were obtained. The amount of each gas species produced during pyrolysis was calculated by

integrating the area under the gas evolution plots. Table 2 shows the amounts of the main



gases produced from each fuel during pyrolysis tests. In every test (pyrolysis and
gasification), C,Hg and C,H,4 concentration remained below 0.1% and so these components
are not included in the plots and tables. As can be seen from Table 2, hydrogen is the main
gas produced during the pyrolysis tests. PC produces more H, and CH,4 than PT, CH and OS,
despite its lowest hydrogen content. This behaviour could be attributed to the small oxygen
content of PC, which prevents H,O forming during pyrolysis. On the other hand, CH and OS
produce more CO and CO, than PC and PT, due to the high oxygen content of biomass which
leads to the production of oxygenated species.*®

Table 2 summarises the carbon mass distribution in gas, liquids and char during the pyrolysis
tests of the individual fuels. The char yield of PC and PT were 89.1 and 61.7 %, respectively.
As expected, biomass species, CH and OS, produced lower char yields during pyrolysis than
fossil fuels due to the weaker strength of the macromolecular structure of these types of
materials™, which results in high tar production during the pyrolysis of biomass.

Figure 1 shows H,, CO and CO, production during the co-pyrolysis tests. As can be seen, as
the percentage of biomass increases in the blend there is a clear reduction in H, production,
whereas the level of CO and CO; increases. On the other hand, when the percentage of PC in
the PT-PC blends increases, there is an increase in H, production and a reduction in CO and
CO,. From the results in Figure 1, it can be seen that the production of the main gaseous
species during the co-pyrolysis tests follows the additive rule, there being no evidence of any
chemical interaction between the components of the blends that might modify the evolution of
the gas.

Figure 2 shows the mass fraction distributions in char and liquids during the pyrolysis of the
PT-CH, PT-OS and PT-PC blends. For blends of PT with biomass, there is a clear reduction
in char yield as the proportion of biomass in the blend increases, due to the low amount of
char produced during the pyrolysis of the biomass. In contrast, there is an increase in char
yield as the percentage of PC increases in the PT-PC blends.

As can be seen from Figure 2, the co-pyrolysis of coal PT and biomass followed the linear
additive rule, indicating that there is no interaction between the components. Similar results
have been obtained by other authors using different experimental devices, such as
thermogravimetric analysers, fluidised beds, drop tube reactors and horizontal tubular reactors
1518 despite the one used in this work ensures an intimate contact between particles. During
the co-pyrolysis of the PT-PC blends, a similar behaviour was observed, and liquids and char
production followed also the additive rule.



Gasification tests

Gas production during the gasification tests of individual fuels at the two different heating
rates studied are given in Table 3. CH, production during gasification tests was similar to that
obtained during the pyrolysis tests, showing that the methanation reaction does not take place
to any large extent and that this chemical compound is produced mainly during the pyrolysis
step of the fuels.

During the gasification of coal PT at 15 °C min™*, CO, production is higher than that of CO.
However, at 100 °C min™, the opposite trend is observed and the production of CO increases.
This result is accompanied by a higher H, production, indicating that at 100 °C min™,
gasification takes place to a larger extent. As the temperature increases, the reactivity of
carbon towards steam also increases. If the sample is heated up at low heating rates, it has
more time to react with oxygen over a range of temperatures in which carbon reactivity in
steam is much lower than in oxygen. On the other hand, at higher heating rates (100 °C min™)
more of the unreacted carbon sample is able to reach high temperatures, and so its reactivity
in steam is greater. Moreover, reaction of the sample at high temperatures leads to an increase
in the products of the Boudouard reaction, resulting in the production of more CO.

A similar trend was observed during the gasification of the biomass samples, CH and OS.
However, in these cases the reduction in CO, production at 100 °C min™ is more pronounced
than at 15 °C min™, indicating that combustion takes place to a lower extent. The petcoke, PC,
shows a different behaviour since both CO and CO, production increase slightly as the
heating rate rises, producing more CO; at both heating rates. This could be due to the lower
reactivity of PC.

During the gasification tests, the amount of tar can not be calculated by difference as part of
the gas produced proceeds from the O, and H,O that are introduced as reactants. However, it
is possible to evaluate the amount of carbon that is not converted to gas and is converted to
tars, as the initial carbon is known and the carbon in the gases can be calculated. Table 3
shows the amount of carbon in the tars during the gasification of the individual fuels at 15 and
100 °C min*. During the gasification of PT and PC, there is a reduction in the amount of
carbon loss in the tars with the increase in the heating rate. In contrast, there is an increase in
carbon loss in the case of the biomass samples.

It is well known that the rate of mass loss during pyrolysis increases with the heating rate.
This means that a 15 °C min™, the volatile matter is released slower than at 100 °C min, and
consequently in a longer period of time. However, during the gasification tests at both heating

rates, a constant flow of oxygen is introduced into the system. For these reasons, at



15 °C min, the volatile matter released would have more oxygen available than at

100 °C min™, favouring the combustion of the sample and generating more CO, (see Table 3).
On the other hand, at 100 °C min™, the ratio between oxygen and volatile matter will be
smaller, and the oxidation would take place in a lower extent, producing a higher amount of
tars at the exit of the reactor, and an increase in loss of carbon in tars (see Table 3). This
means that the oxygen availability during the gasification tests performed in this work is
influenced by the heating rate.

In the gasification of PT a different behaviour was observed. Tar production decreased as the
heating rate increased. Coal PT releases a smaller amount of volatiles than biomass during
gasification, and so the availability of oxygen is less restricted. In addition, coal PT
devolatilises at higher temperatures than biomass and, under these conditions, its reactivity in
oxygen can be expected to be higher, allowing tars to be oxidised faster. Furthermore, at these
higher temperatures, the tars may be partially gasified so that less amount is produced. PC
presents a similar behaviour to that of PT, and the production of tars is reduced at higher
heating rates. However, this fuel produces a low amount of tars, and it is less affected by the
heating rate.

Figure 3 shows the gas produced during the co-gasification of the PT-CH blends at the two
heating rates employed. The results for the PT-OS blends were similar to that of the PT-CH
blends and will not be discussed here. At 15 °C min™, there is an increase in CO and CO,
production with respect to the linear additive rule, especially when low percentages of
biomass are used. This behaviour may be due to the different reactivity of CH compared to
PT. When these samples are gasified at 15 °C min™, both fuels tend to react independently of
each other in a different range of temperatures. Thus, the biomass has a higher availability of
oxygen at low temperatures, favouring the combustion of volatiles and tars released by the
biomass, and so more CO and CO; is produced.

Figure 4 shows the carbon loss in tars during the co-gasification of the different blends. As
can be seen, there is a clear reduction in carbon loss during the co-gasification of the PT-CH
blends at 15 °C min™. However, at 100 °C min™ a significant reduction in CO and H,
production can be observed (Figure 3). This is due to the loss of carbon in tars. As can be seen
in Figure 4, the loss of carbon for the PT-PC blends is higher than expected. This leads to a
reduction in the amount of sample gasified and in turn the amount of gas produced. As
mentioned above, a low availability of oxygen may increase the production of tar. At 100 °C
min™ the conversion of both, PT and CH, takes place over a shorter interval of time than at 15

°C min™. For this reason, biomass may have the effect of reducing the concentration of



oxygen through the bed, leading to a reduction in the oxidation of volatiles released by PT
and to the generation of more tars.

During the gasification of the PT-PC blends at 15 °C min, there is an increase in CO,
production and a decrease in H, in comparison with the values predicted by the linear additive
rule (Figure 5). These blends present a behaviour similar to that of the PT-CH and PT-OS
blends, also due to the different reactivity of the fuels. At low heating rates, PT has more time
to react with oxygen, as PC reacts at higher temperatures. For this reason, the oxidation
reaction is more pronounced. This has the effect of reducing the carbon consumed through
gasification reactions, leading to a decrease in H, production. However at 100 °C min™, the
PT-PC blends show a different behaviour than the coal and biomass blends and, although the
production of H,, CO and CO; is reduced with respect to the theoretical values, it is to a lesser
degree. Additionally, the loss of carbon in tar during the gasification of the PT-PC blends at
100 °C min* is more linear than in the case of the other blends, with only a slight increase at
this heating rate (cf. Figure 4). The differences between these blends may be due to the
different volatile matter content of the blended fuels. Biomass releases a high amount of
volatiles and modifies the oxidation of the tars produced by coal PT, leading to an increase in
tar production. In contrast, PC releases a small amount of volatile matter during the
devolatilisation step and the effect on PT is less pronounced.

An important parameter in gasification is the apparent thermal efficiency. This is defined as
the ratio of the energy in the gas to the energy in the solid fed in.'° Figure 6 shows the
apparent thermal efficiency obtained during the co-gasification of the PT-CH, PT-OS and PT-
PC blends at 15 and 100 °C min™. The apparent thermal efficiency of the individual fuels
increases with the heating rate used during gasification, as more CO and H is produced. At
15 °C min™, coal PT and the biomass blends show a slight positive deviation from the
additive rule. This could be due to the increase in CO production during the co-gasification of
these blends. However, the PT-PC blends show a clear reduction in the apparent thermal
efficiency, as a consequence of the diminution in H, production. A decrease in the apparent
thermal efficiency is observed at 100 °C min™ for all the blends studied, due to the reduction
in H, and CO production, especially in the case of the PT-CH blends.

Conclusions
Co-pyrolysis and co-gasification tests were performed on binary blends of a bituminous coal
(PT) with a petcoke (PC) and two types of biomass (CH, OS), using a fixed bed reactor. The

results obtained during the co-pyrolysis experiments show that there is no interaction between



the components of the blends. The concentration of the main gases produced during the tests
(H2, CO, CO, and CH,) was determined, and it was found that they can be calculated from
those of the individual fuels and their respective mass fractions. In addition, the mass
distribution in char, liquid and gas also follows the linear additive rule.

Gasification tests were performed with mixtures of oxygen, steam and nitrogen at two heating
rates, 15 and 100 °C min™’. At higher heating rates, the individual fuels produce more H, and
there is an increase in tar production from the biomass samples due to an increase in the
devolatilisation rate and a lower oxygen availability. Different behaviours were observed
during the co-gasification results, which were dependant on the heating rate used. At 15 °C
min*, the components of the blend tend to react independently of each other and there is an
increase in CO and CO, production due to a higher availability of oxygen for the most
reactive components of the blend. For blends of coal and biomass gasified at 100 °C min™ a
decrease in H, and CO production was observed due to an increase in carbon loss in tars.
However, the behaviour of the PT-PC blend at 100 °C min™ is different. In this case gas

production is almost linear and shows only a slight increase in carbon loss in tars.
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Figure captions

Fig. 1. H, (red symbols), CO (blue symbols) and CO, (black symbols) production (mol/kg sample) during the

co-pyrolysis tests of the PT-CH, PT-OS and PT-PC blends.

Fig. 2. Char (red symbols) and liquid (black symbols) mass distribution during the co-pyrolysis tests of the PT-

CH, PT-OS and PT-PC blends.

Fig. 3. Gas production during the co-gasification tests of the PT-CH blends at 15 °C min™ (a), and 100 °C min™

(b).

Fig. 4 Carbon loss in tar during the co-gasification of the PT-CH, PT-OS and PT-PC blends at 15 °C min™ (a),

and 100 °C min™ (b).

Fig. 5. Gas production during the co-gasification tests of the PT-PC blends at 15 °C min™ (a), and 100 °C min™

(b).

Fig. 6. Apparent thermal efficiency during the co-gasification of the PT-CH, PT-OS and PT-PC blends at 15 °C

min™ (red symbols), and 100 °C min (black symbols).
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Table 1. Proximate and ultimate analyses and high heating values of the samples

Proximate analysis (wt.%) Ultimate analysis (wt.%, daf) HHV
Sample  Moisture Ash Volatile matter  Fixed carbon* C H N S o* (MYVkg)
(db) (db) (db)
PT 4.2 39.3 23.8 36.9 745 5.1 16 15 17.3 17.6
PC 0.4 0.4 10.6 89.0 88.1 3.8 16 57 0.8 34.5
CH 8.5 1.2 80.7 18.1 50.3 5.8 01 0.0 438 17.6
0S 7.7 0.5 82.4 17.1 50.9 6.0 01 0.0 430 17.7

*calculated by difference
db: dry basis
daf: dry and ash free basis
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Table 2. Gas production and carbon mass distribution during the pyrolysis tests

Gas production (mol/kg sampie)

Carbon mass distribution (%)

Sample H, CO CO; CH, Gas Char Liquids
PT 6.8 11 0.6 1.2 15.5 61.7 22.8
CH 4.1 2.4 2.0 1.1 24.7 20.0 55.3
oS 5.2 2.0 2.3 1.1 22.4 18.6 59.0
PC 12.9 0.2 0.2 2.1 7.0 89.1 3.9
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Table 3. Gas production (mol/kg sampie) @and carbon loss in the tars during the gasification of
the individual fuels at 15 and 100 °C min™

15 °C min™ 100 °C min™*

Sample H. CO CO; CHs 9% Cioss H, CO CO, CHs % Cioss
PT 211 133 153 1.1 21.2 293 186 140 17 8.9
CH 8.9 6.4 174 08 40.6 138 122 68 08 52.2
oS 132 58 161 1.0 45.7 142 121 66 07 54.0
PC 400 219 451 23 5.2 482 250 475 2.6 0.0
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Figure 1. H, (red symbols), CO (blue symbols) and CO, (black symbols) production (mol/kg

sample) during the co-pyrolysis tests of the PT-CH, PT-OS and PT-PC blends.
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Figure 6. Apparent thermal efficiency during the co-gasification of the PT-CH, PT-OS and
PT-PC blends at 15 ° min™ (red symbols), and 100 °C min™ (black symbols).
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