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Abstract
In this work, co-gasification and co-pyrolysis of hinary blends of a bituminous coa (PT) and two typesof
biomass (olive stones, OS; chestnut, CH)were conducted at atmospheric pressure in a fixed bed reactor.
Pyrolysis was performed under nitrogen, and gasification under steam/oxygen atmosphere. In the 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 the lack of interaction between the components of the blend.
Mass distribution and gases produced during the pyrolysis tests can be predicted from those of the individual
components and their mass fractions. During the gasification tests, interactions between the components of the
blends were observed. An increase of tar production above the theoretically calculated value, as the percentage
of the biomass increased in the blends was observed. The gases produced during gasification of PT-OS blends
followed the linear-additive rule, with the exception of CO,. However, in the case of PT-CH blends, the main
gases produced (COz, CO and Hy) deviated from the additive rule.
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INTRODUCTION

Nowadays, hydrogen is considered as an energy carrier for the future. The use of hydrogen can
reducethe actual dependence of theenergy systemonfossil fuels, and can contribute to reduce the
negative effects of greenhouse gas emissions (Midilli, 2005; European Commission, 2003).
European energy systemsare characterised by their dependenceonimportedfossil fuelsand by the
rising energy demand. The use of these fuels has a great impact in the environment due to the
pollutant emissionsproduced during their combustion. Inthepresent scenario, thecurrent challenge
in the energy production isto reduce the dependence on fossil fuels and to achieve asustainable
energy system. Theuseof renewableenergy isamatter of interest, asit representsadiversification
of energy sources. Renewabl e energies areindigenous sources, thereforetheincrease of their use
will havepositiveimplicationsinthesecurity of supplies. Additionally, theuseof renewableenergies
hasalower environmental impact thanfossil fuels, sotheirimplementationwill contribute to preserve
theequilibrium of ecosystems. In order to achieve this, a target of obtaining 12% of Europe’s
primary energy demand from renewable sources by 2010 has been established (European
Commission, 1997).

About half of worldwide hydrogen production comes from natural gas reforming (Dunn, 2002) and
98% of thetotal production comesfromfossil fuels. The use of natural gas as afeedstock hasthe
drawback of the volatility of the natural gas prices. For thisreason, thereisan increasing interest in
lower and stable cost fuelsto produce mixtures of hydrogen and carbon monoxide by means of
gasification. Attractivefeatures of thistechnology includethe ability to produce ahigh-quality syngas
product, which can be used for energy or chemicals production (Song, 2005). Gasification can also
accommodate a wide variety of gaseous, liquid, and solid feedstocks. Among the latter, coal,
biomass, and wastessuch aspetroleum coke, heavy refinery residual s and municipal sewage sludge
have al been used in gasification operations (Gonzal ez, 2006; André, 2005; Priyadarsan, 2005;



Filippis, 2004; Ponzio, 2007). A hydrogen economy -afuture energy system based on hydrogen
and electricity- from renewable sourcesis essential for thelong-term.

Of the different renewable energy sources, biomass holds most promisefor increasing usein the next
few years. Moreover, biomassis considered asaneutral carbon fuel because the carbon dioxide
released during itsutilisationisanintegral part of the carbon cycle.

Currently, thereisemerging consensusthat in the short term hydrogen will be produced from fossil
fuels, including the processes of CO, capture and storage. Co-gasification of coa with biomass
presents the advantage of anet reduction in CO, emissions, if CO, captureis contemplated in the
process. Biomass gasificationisone of theleast expensive methods of producing hydrogen from
renewableresources. A widevariety of agricultural wastesand other biomass sourcescan beused
to produce hydrogen (Faaij, 2006; Albertazzi, 2005). In addition, bio-solids such as sewage sludge
could be effectively used for syngas production (Menéndez, 2004). Biomassgasification
technol ogies have recently been successfully demonstrated at large scale. However the actual
operation experienceislimited, dueto thedifficultiesto study awiderangeof conditions. For this
reason, more research is needed at alaboratory scale to gain more knowledge and confidencein
thistechnology.

In thiswork the co-gasification and co-pyrolysis of mixtures of coa and two types of biomass were
carried out. Pyrolysistestswereperformed using nitrogen, whilemixturesof steam, nitrogen, and
oxygen were used for gasification tests. During both type of tests, the mass yields distributionin
char, liquid and gas was calculated, and the gas composition was measured. The objectiveof this
work isto study the possible synergistic effects between coal and biomass during pyrolysis and
gasification, with aspecial view to the production of hydrogen.

EXPERIMENTAL

Inthiswork, abituminous coal (PT) wasused. Thiscoal wasground and sieved to obtain afraction
with a particle size of 1-2 mm. Additionally, two types of biomasswere used, olive stones (OS) and
chestnut tree residues (CH). Raw olive stones were ground and sieved to obtain a particle size
fraction of 1-2 mm. Cylindrical pellets of 4 mm diameter and 1 mm height were made using the
chestnut tree residues. Proximateand ultimate analyses of the samplesused aregivenin Table 1.

TABLE 1. Proximate and ultimate analyses of the samples

Proximate analysis (%) Ultimate analysis (%, daf)
Sample  Moisture Ash (db) Volatile matter (db) Fixed carbon (db)* C H N S o*
PT 4.2 39.3 23.8 36.9 74.5 51 16 15 17.3
CH 85 12 80.7 181 50.3 29 0.1 0.0 437
oS 1.7 0.6 824 17.0 50.9 6.0 0.1 0.0 430
*calculated by difference

Thegasification and pyrolysis testswere performed in aquartz tubul ar fixed bed reactor (20 mm
internal diameter, 455 mm height). A sample mass of 4 mgwasused in all thetests. A thermocouple
in contact with the sample bed, measured the reaction temperature, whichwascontrolledto+ 5 °C.
The pyrolysis tests were carried out under nitrogen (150 cm®min). Thegasification experiments
were performed under steam (70 vol. %) and oxygen (5 vol. %), carried by an inert flow of N,



using atotal flow rate of 150 cm*min. Prior to the commencement of the experiments, N , was
passed through the sample bed for 30 min.

During these tests, the samples were heated at 14 °C/min from room temperature up to 1000 °C,
and thistemperature was maintained until the end of the gas production. The liquid fraction was
separated by means of condensers containing an ice bath. The non-condensable gases were
collected in Tedlar® sample bags with a polypropylenefitting for sampling. H,, N, CO, CO,, CH,,
C.,H, and C,H¢ 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.

Attheend of eachtest theliquid and solid fractionswerewei ghed and theamount of gasgenerated
during the experiment was calculated from a nitrogen balance, since the nitrogen fed and its
compositionin the gasesevolved are known.

RESULTSAND DISCUSSION

Pyrolysis tests

Table 2 resumesthe massyield of the different mass fractions (gas, liquid, char) during the pyrolysis
tests. Aswas expected, biomass, CH and OS, produce alow char yield during pyrolysis, due to the
weaker strength of the macromolecular structure of these types of materials (Shafizadeh, 1982).
When coal PT is blended with biomass, there is a clear reduction on char yield, due to the low
amount of char produced during the pyrolysis of biomass.

TABLE 2. Mass distribution during pyrolysis tests

Experimental Fraction Yields (%) Theoretical Fraction Yields (%)

Sample Gas Liquid Char Gas Liquid Char

PT 19.7 7.8 72.5 19.7 7.8 72.5
10% OS 236 9.0 67.4 21.2 9.8 69.0
20%0S 249 11.2 63.9 22.6 11.8 65.6
30%0S 25.6 13.2 61.2 24.1 13.8 62.1
100%0S 34.3 27.9 37.8 34.3 279 37.8
10%CH 21.3 110 67.7 21.2 9.8 69.1
20%CH 231 12.3 64.6 22.6 11.7 65.7
30%CH 249 14.0 61.1 24.1 13.7 62.2
100%CH 344 27.3 383 344 273 38.3

If thereisnointeraction betweenthecomponentsof theblendsduringthepyrolysistests, thefraction
yields could be calculated from those corresponding to the individual fuels and their respective
fractionsin theblend. Table 1 includesthe calculated fraction yields. Ascan be seeninthistable, the
experimental andtheoretical valuesareinagreement, showingthat thereisno appreciableinteraction
between the components, despitethe experimental device used that ensured an intimated contact
between particles. These results arein agreement with those encountered by other authorsusing



different experimental devices, such asthermogravimetric analysers (Pan, 1996; Biagini, 2002),
fluidized beds (Collot, 1999), drop tube reactors and horizontal tubular reactors (Meesri, 2002).

As was mentioned above, gas composition was determined by means of GC analysis. As an
example, Figure 1 showsthe concentration of themain gasesproduced during thepyrolysistestsof
theindividual components(H,, CO, CO, and CH,). C,Hs and C,H, concentration was below 0.1
% during al the tests (pyrolysis and gasification) and are not included in the plots and tables. At low
temperatures, during the primary pyrolysis, CO and CO, are the main species released; while at
higher temperatures, gas production is due mainly to the generation of H, during the condensation of
the carbon structure asthe secondary pyrolysis proceeds (Strezov, 2007; Ladner, 1988)
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FIGURE 1. H,, CO, CO, and CH. composition during pyrolysis tests of the individual fuels.

These plots can be used to determine the amount of each gas produced during pyrolysisby
integration of the curves. Figure 2 shows the amount of the main gases produced during the pyrolysis
tests. As can be seen, hydrogen isthe main gas produced during the pyrolysis tests. PT coal
produces higher amount of H, and CH,, while biomasses produce more CO and CO,. Thisis due
to the high oxygen content of biomassthat promotesthe production of oxygenated species.
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FIGURE 2: Gas produced during pyrolysis tests of the blends.
When the percentage of biomassincreasesin the blend, more CO and CO, are produced. On the

other hand, a decrease on H, and CH, productionis observed when coal PT is blended with
biomass. It can beobservedin Figure 2 that theformation of gasesisproportional to the percentage
of the componentsin the blend. These resultsindicate the absence of interactions between coal and
biomass during pyrolysisin thefixed bed reactor.

Gasification tests

During the gasification tests, areduction intar yield is observed respect to the pyrolysistests, due to
the partial gasification of thisfraction. Figure 3 shows the tar mass yield during gasification tests of
PT-CH and PT-OS blends. Animportant production of tarsduring biomassgasification (CH, OS)
wasobtai ned. Thisphenomenon hasimpli cationsin biomassgasification processes, asit producesa
reduction in gas yield and operational problems. When coal PT isblended with biomass, thereisan
increase in tar production respect to theindividual coal. Thisincreaseis higher than the additive rule
value, showing that thereissomedegree of interactionsbetween both fuel s during gasification, which
influencesthetar production. Thedeviation increases with the percentage of biomass, and is higher
in the case of PT-CH blends.
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FIGURE 3: Tar massyield during gasification tests of the blends.



Gas production during gasification testswas cal culated with the same methodol ogy used during
pyrolysis, and theresultsobtained for theindividual fuelsareresumedin Table3.

TABLE 3: Gas production during gasification of the individual fuels

Gas production (mol/Kgrye)

Sample H» CoO CO, CH,
PT 221 14.1 16.3 13
CH 9.4 7.4 19.0 10
OS 14.2 6.2 18.2 12

An increase in hydrogen is observed, respect to the pyrolysis tests, due to the reaction of the
carbonaceous material with the steam. CO and CO, production increased due to the oxidation and
gasification of the carbon. In both types of tests, gasification and pyrolysis, asimilar amount of CH,4
is produced, suggesting that it has a pyrolytic origin. The amount of gas produced during the
gasification tests of PT-CH blendsis shown in Figure 4.
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FIGURE 4: Gas produced during gasification tests of PT-CH blends.

Ascan be seenin thisfigure, gasification of PT-CH blends produces asimilar amount of CO, than
biomass alone, even using 10% of biomass. H, and CO production show a positive deviation from
the additive rulefor the blends with 10% and 20% of CH. However, the generation of hydrogenis
affected inanegativeway during the gasification of the blend with 30% of CH. Methane production
remains practically constant when the percentage of CH is varied. Theseresults indicatethe
existence of interactive effectsbetween coal PT and biomass CH during gasification tests.
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FIGURE 4: Gas produced during gasification tests of PT-OS blends.

Figure 4 showsthe gas produced during gasification of PT-OS blends. Aswith the PT-CH blends,
the CO, generated lies above thetheoretical value cal cul ated assuming that thereisnointeraction
between both fuels. However, H,, CO and CH, productionfollow the additive rule. Theseresults
suggest that alower degree of interaction existsduring gasification of PT-OS blends, in comparison
with PT-CH.

CONCLUSIONS

The results obtained during the co-pyrolysis of binary blends of a bituminous coal and two types of
biomass show that thereis alack of interaction between thefuels. The massdistribution (char, liquid,
gas) can be calculated from those of theindividual components and their respective massfractions.
Main gases produced during the co-pyrolysis(H,, CO, CO, and CH,4) were measured and it was
observed that they followed the additive rule.

During gasification tests, different degrees of interactions were observed. An increase of tar
production abovethe additiverulewas observed asthe percentage of the biomass increasesin the
blends. Gases produced during PT-CH gasification show deviationfromthelinear rule, especialy
the CO.. In the case of PT-OS blends, the gases produced showed alower degree of interaction.
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