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Abstract 10 

Pyrolysis of glycerol, a by-product of the biodiesel industry, is an important potential source of 11 

hydrogen. The obtained high calorific value gas can be used either as a fuel for combined heat and 12 

power (CHP) generation or as a transportation fuel (that is hydrogen to be used in fuel cells). 13 

Optimal process conditions can improve glycerol pyrolysis by increasing gas yield and hydrogen 14 

concentration. A detailed kinetic mechanism of glycerol pyrolysis, which involves 137 species and 15 

more than 4500 reactions, is drastically simplified and reduced to a new skeletal kinetic scheme of 16 

44 species involved in 452 reactions. An experimental campaign with a batch pyrolysis reactor was 17 

properly designed to further validate the original and the skeletal mechanisms. Comparisons 18 

between model predictions and experimental data strongly suggest the presence of a catalytic 19 

process promoting steam reforming of methane. High pyrolysis temperatures (750-800°C) improve 20 

process performances and non-condensable gas yields of 70%w are achieved. Hydrogen mole 21 

fraction in pyrolysis gas is about 44-48%v. The skeletal mechanism developed can be easily used in 22 

Computational Fluid Dynamic software, reducing the simulation time. 23 

 24 
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 26 

1. Introduction  27 

EU goals for biofuels, as set out in the RED 2009/28/EC (see mandatory goals) [1], have promoted 28 

the use and production of biodiesel. The EU Energy and Climate Change Package (CCP) became 29 

operative on April 6, 2009. The Renewable Energy Directive (RED), which is part of this package, 30 

came into effect on June 25, 2009. The CCP includes the "20/20/20" goals for 2020: a reduction of 31 

20% in greenhouse gas (GHG) emissions compared to 1990; an improvement of 20% in energy 32 

efficiency (compared to forecasts for 2020) and a 20% share of renewable energy in the total 33 

European energy mix. Part of this last 20% share is represented by a 10% minimum target for 34 

biofuels in the transport sector to be achieved by all Member States. This percentage was slightly 35 

modified by a proposal of Indirect Land Use Change (ILUC). Given this framework, the current 36 

biofuels scenario will bring to a stable production of first generation biofuels, that will hardly 37 
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increase, and a slight increase in second generation biofuels (second generation bioethanol mainly). 38 

New European targets should be still fixed. 39 

The 2014 USDA Foreign Agriculture Service statistics [2], show that a production of biodiesel 40 

equal to 10,890 Ml was reached in Europe in 2014, this means a production of 916,000 t per year of 41 

glycerol. This product has an interesting energy content and can be used to provide heat and 42 

electricity to the same transesterification plant, as it is reported in D'Alessandro et al. 2011 [3]. The 43 

analyses proposed by Fantozzi et al. 2014 [4], Manos et al. 2014a [5] and Manos et al. 2014b [6] 44 

describe how integrating CHP technologies inside a biofuel plant is part of the "agroenergy district" 45 

promotion strategy. Authayanun et al. 2013 [7] have performed experiments feeding directly glycerol in a 46 

high-temperature polymer electrolyte membrane fuel cell (HT-PEMFC). Beatrice et al. 2014 [8] have tested 47 

in a compression engine a bio-derivable glycerol-based ethers mixture (GEM). Besides Beatrice et al. 2013 48 

[9] have also synthesized an oxygenated fuel additive (glycerol alkyl-ether) suitable for blending with diesel 49 

and biodiesel. Martín and Grossmann 2014 [10] have performed fermentation tests on glycerol. Nanda et al. 50 

2014 [11] have designed and tested a continuous-flow reactor for the conversion of glycerol to solketal, 51 

through ketalization with acetone. Pedersen et al. 2016 [12] have performed hydrothermal co-liquefaction of 52 

aspen wood and glycerol with water phase recirculation. 53 

Pyrolysis of glycerol and reforming are interesting techniques that have been already used to 54 

produce hydrogen to be used for transportation, see Wulf et al. 2013 [13].  55 

Several works in literature take into account pyrolysis or gasification of glycerol. Experimental 56 

works can be classified based on reactor typology and process parameters.  57 

Encinar et al. 2010 [14] used cylindrical tube of stainless steel 316, set in vertical position. In the 58 

upper part of the reactor a thermocouple was used to control the temperature. A second reactor was 59 

placed under the first one, with the aim to increase the residence time of the material at reaction 60 

temperature. Solution of water and glycerol is inserted inside the reactor with the help of a pump.  61 

In the work of Fernandez et al. 2009 [15] pyrolysis of glycerol was performed in an electrically 62 

heated furnace and in a microwave reactor. Glycerol was supplied to the upper part of the reactor 63 

through an injector, and activated charcoal was used as a catalyst for the reaction.  64 

Peres et al. 2010 [16] have performed continuous pyrolysis tests in a steel reactor that was filled 65 

with alumina oxide. A pump used for liquid gas chromatography was employed to supply glycerol 66 

in the reactor. The reactor was heated using an electrical furnace. Gas produced were sampled in 67 

tedlar bags. Vallyiappan 2004 [17] and Vallyiappan et al. 2008 [18] used a packed fixed bed reactor 68 

full of quartz and silicon carbide, which were used to simulate a plug flow reactor. Packing material 69 

was contained inside a plug of quartz wool, which was inserted on a supporting mesh at the center 70 

of reactor. Vallyiappan obtained interesting yields of hydrogen (about 50% in volume), performing 71 

pyrolysis at 800°C. Baker-Hemings et al. 2012 used these sets of experimental data [19] to develop 72 

and validate a detailed kinetic model of glycerol pyrolysis.  73 

A detailed CFD model of the above hinted reactors has never been reported in literature, for this 74 

reason this work has two main goals. One is to provide new experimental data, aimed at further 75 

validating a detailed kinetic mechanism for glycerol pyrolysis. The second goal is to develop a 76 

simplified skeletal kinetic mechanism, suitable for CFD simulations. This new and simplified 77 

skeletal mechanism, which represents a novelty in the state of the art of glycerol pyrolysis 78 
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simulation, is the added value of this work and it is available in the supplementary material. The 79 

new tool can be used in reactor design and optimization. 80 

The paper presents the analysis and optimization of an energy process (pyrolysis of glycerol), to 81 

compare its performance with other alternative processes (such as steam reforming or steam 82 

gasification), this indicates that the results presented are interesting for the scientific and technical 83 

community involved in the development of processes to produce hydrogen from glycerol and to use 84 

it in different cogeneration devices (among them fuel cells). 85 

The originality of the work is based on a new skeletal model. This has the advantages to be enough 86 

simplified to be used in CFD modeling for reactor optimization. It is the first step in the 87 

development of a new process in which a unique reactor can reform glycerol using biochar as a 88 

catalyst and achieve an increase of biochar porosity (so partially activating it). 89 

 90 

2. Materials and Methods 91 

All the analyses of the samples were performed at the Biomass Research Centre of the University of 92 

Perugia, see the analysis protocols described in Bidini et al. 2015 [20]. The proximate analysis of 93 

the raw materials and of the char and tar were determined using the thermogravimetric analyzer 94 

Leco TGA-701 according to the CEN/TS 14774-14775 [21,22]. The amounts of the principal 95 

chemical elements like nitrogen, hydrogen and carbon were characterized by the Leco TruSpec 96 

CHN analyzer, according to the UNI EN 15104:2011 [23]. The calorific value of the sample and 97 

products was determined with an LECO AC-350 analyzer, according to the UNI EN 14918:2009 98 

[24]. 99 

Pyrolysis gas composition was determined by Micro-GC 490, Varian, using a Thermal 100 

Conductivity Detector (TCD). The Micro GC includes a heated injector, backflush and Genie 101 

membrane filter to remove particles and liquids from analyzed gas samples. The Micro-GC contains 102 

two analytical modules: Molecular Sieve capillary column with Argon as carrier gas used for the 103 

analysis of CH4, CO, H2, O2, N2 and Pora Plot Q capillary column with Helium for the analysis of 104 

CO2, C1-C3 gaseous species.  105 

A batch reactor used in the laboratory of CRB was employed to perform pyrolysis (see Figure 1). 106 

This was already described in Bartocci et al. 2102 [25], Paethanom et al. 2013 [26] and Bidini et al. 107 

2015 [20]. It is a plant in which it was possible to perform pyrolysis of solid/liquid samples and to 108 

characterize the products from different experiments. The experimental setup used in the laboratory 109 

during this study is shown in previous works, see Bidini et al. [20]. Pyrolysis tests were carried out 110 

in a reactor with a height of 30 cm and the inner diameter of 15cm. At the top of the reactor there is 111 

a nitrogen inlet pipe (N2), a valve to feed the glycerol, one thermocouple connected to the P.I.D 112 

device to maintain the programmed temperature inside the reactor (T1), one thermocouple to 113 

measure the temperature inside the reactor (T2), a pressure sensor (p). The heating system is made 114 

of two semi-spherical electric heaters, each with a power of 4.8 kW. 115 

 116 
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 117 

Figure 1: Batch reactor description and tar sampling methodology 118 

 119 

Before the experimental test, nitrogen was fed into the reactor to remove air and create inert 120 

atmosphere conditions for the pyrolysis process. The reactor was heated from ambient temperature 121 

to 600°C at a heating rate of about 20°C/min. When the reactor reached the desired temperature, the 122 

sample (of a total mass of 100 g) was gradually inserted into the reactor, with an average mass flow 123 

of 3 g/min. Volatiles exited from a pipe and passed through the tar sampling line. The gas sampling 124 

line cooled the volatiles temperature, which reached ambient temperature values. The portion of the 125 

non-condensable gas was sampled in Tedlar bags and analyzed in a Micro-GC 490. After 30 min 126 

the pyrolysis process was completed. 127 

 128 

Figure 2: Gas sampling procedures (left) and batch pyrolysis plant layout (right) 129 
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 130 

Figure 2 reports the layout of the batch pyrolysis plant, where it is shown the DAQ (Data 131 

Acquisition) system and the position of the thermocouple used. On the left, two different sampling 132 

lines are shown: one (sampling line number 1) with a condenser, which is not filled with a solvent 133 

and separates condensable gases based on temperature decrease, another (sampling line number 2) 134 

to condense the gases in isopropanol, through adsorption and cooling. The first one was used to 135 

sample pyrogas in tedlar bags and then to measure its composition (without having traces of tars in 136 

the bags, which could harm the micro-GC). The second one was used to measure mass balance, 137 

because when the condensable gases are absorbed in isopropanol it is difficult to separate them (in 138 

fact condensed compounds have the same temperature of evaporation of isopropanol). This means 139 

that two kinds of tests were performed: one to measure the gas composition and one to measure 140 

condensable gases and non-condensable gases masses. 141 

In both the sampling lines presented in figure 2, there is no extraction pump for pyrogas, but it 142 

flows through the sampling line, due to the internal pressure of the reactor. The average charge in 143 

the reactor was about 36 mg each 22 seconds.  144 

Concluding, it should be stressed that the experimental conditions of the reactor were quite close to 145 

ideal conditions, for the following reasons: the mass of the reactor is greater respect to the mass of 146 

the raw material which is fed into it; the reactor has been already heated up and has reached a 147 

steady temperature; time of reaction is very short. Another aspect which has to be taken into 148 

account is the fact that in this case a liquid biomass is used, which vaporizes in a very short period 149 

and so undergoes to pyrolysis reaction also very quickly. All these facts make an assumption of a 150 

Perfectly Stirred Reactor (PSR) reasonable. This is also a great advantage of glycerol, respect to 151 

solid biofuels.  152 

The fact that the working conditions were quite close to ideal conditions implies that kinetics is 153 

predominant on heat transfer effect. This was an advantage in the experimental campaign. It was 154 

noticed also that the fast heating rates and the high temperatures avoid polymerization and char 155 

formation. Small quantities of char, were formed at low temperatures, but they couldn't be weighed, 156 

so it was assumed that these were not significant.  157 

The internal heating rate can be calculated based on the average retention time of about 22 seconds. 158 

this implies heating rates of about 17°C/s, 22°C/s, 26°C/s, 28°C/s and 31°C/s, respectively for 159 

temperatures of 400°C, 500°C, 600°C, 650°C and 700°C (considering an ambient temperature of 160 

20°C). A fully batch test was made at the beginning of the experimental campaign. With an average 161 

heating rate, typical of the batch reactor (i.e. 20°C/min), the result was to have glycerol evaporation, 162 

instead of its pyrolysis. For this reason, it was chosen to heat up the reactor and then to insert 163 

glycerol in an already heated environment. In this case, the reactor can be used in a continuous way 164 

and can be directly coupled to an internal combustion engine or a fuel cell. This is another 165 

advantage of glycerol pyrolysis if compared with biomass pyrolysis. 166 

Char yield (CY) is expressed as the weight ratio between the solid residue (SR) and the raw 167 

material (RM). Gas yield (GY), always referred to the raw material, was measured by the flowmeter 168 

and converted in mass knowing the gas composition and its exit temperature. Finally, Tar Yield 169 
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(TY) is simply obtained by difference. Control tests were performed to check data obtained, using a 170 

condenser to control the results on tar. 171 

In literature there are different methods for tar sampling, some have been presented by Paethanom 172 

et al. 2013 [26], Phuphuakrat et al. 2010 [27] and Michailos et al. 2012 [28]. In this study, the 173 

sampling line was designed on the basis of CEN/TS 15439:2006 [29]. Volatiles produced by 174 

pyrolysis passed through a series of six impinger bottles where tar is collected by condensation and 175 

absorption. The last bottle is empty. The total volume of isopropyl alcohol used as sampling solvent 176 

in the first five bottles is 500 ml  (100 ml on the each bottle). The series of impinger bottles was 177 

placed in two separate baths. Bottles 1, 2 and 3 are placed in an electrically heated water bath at 178 

+35°C, while bottles 4, 5 and 6 are cooled with NaCl/ice eutectic mixture in a proportion of 3:1 to 179 

obtain -20±1°C. It took about 15 min to reach final temperature. The sampling train was connected 180 

with a gas flow meter. After the test all the content of impinger bottles was gathered in a unique 181 

flask and evaporated with a rotary evaporator, to separate the solvent from tar in accordance with 182 

CEN/TS 15439:2006 [29]. The residue in the flask was weighed to determine the quantity of 183 

gravimetric tar. Tar or biooil produced from glycerol pyrolysis was measured both using the above 184 

mentioned tar line and a condenser. The advantage of using the condenser was to avoid tar mixing 185 

with isopropanol. Figure 3 shows pyrolysis products characterization methodology.  186 

 187 

Figure 3: Pyrolysis products characterization methodology 188 
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As already mentioned, pyrogas is collected in tedlar bags and analyzed with a micro-GC 490, 189 

Varian. Tar is sampled both using a tar line and a condenser. In a first test, the tar line is used to 190 

absorb all the tar and avoid it going in the tedlar bags, in this way the microGC is protected. In a 191 

second test, it was used a condenser to collect all the tar in purity, without mixing it with the 192 

isopropanol contained in the tar line. Then tar was characterized using a thermogravimetric balance 193 

to perform proximate analysis an LECO Truespec CHN analyser and a bomb calorimeter. No 194 

important quantities of char were found inside the reactor after the tests. All tests were performed in 195 

triplicate. 196 

 197 

3 Experiments: glycerol pyrolysis in a batch reactor 198 

3.1 Glycerol characterization and pyrolysis experimental tests 199 

The results of pure glycerol characterization analysis (see Table 1) show that it has a slightly higher 200 

LHV, compared to biomass and a similar concentration of carbon, hydrogen, and oxygen. Hydrogen 201 

content is also a little higher. 202 

 203 

Table 1: Glycerol characterization 204 

 Pure glycerol Standard deviation 

Moisture [%w] 0 0.3 

Ash [%w] 0 0.2 

Volatiles [%w] 100 0.5 

Fixed Carbon [%w] 0 0.1 

HHV [kJ/kg] 19,000 515 

Carbon [%w] 39.13 0.3 

Hydrogen [%w] 8.70 0.1 

Nitrogen [%w] - 0.05 

Oxygen [%w] 52.17 0.3 

 205 

 206 

The results of pyrolysis tests are shown in Table 2. It can be seen that increasing temperature non-207 

condensable gas yield increases, especially for temperatures higher than 500°C. Table 2 also shows 208 

the composition of non-condensable gases, always as a function of the pyrolysis temperature. 209 

Hydrogen concentration increases with the increase of temperature, carbon monoxide, and carbon 210 

dioxide concentrations decrease, while methane has a nearly constant behavior. Ethylene 211 

concentration decreases also with the increase of temperature.  212 

 213 

 214 

 215 

 216 
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Table 2. Yields of condensable and non-condensable gases and molar gas compositions. 217 

 400°C 500°C 600°C 650°C 700°C 

Yields Standard 

Deviation 

Yields Standard 

Deviation 

Yields Standard 

Deviation 

Yields Standard 

Deviation 

Yields Standard 

Deviation 

Non 
condensable 

gas yields 

[%w] 

19 1.1 51 1.5 60 1.3 63 1.4 67 2 

Condensable 

gas yields 

[%w] 

81 1.8 49 1.6 40 2.1 37 1.2 33 1.1 

Molar gas composition [%v] 

  Standard 
Deviation 

 Standard 
Deviation 

 Standard 
Deviation 

 Standard 
Deviation 

 Standard 
Deviation 

H2 15 2.1 18 2.3 25 2.1 30 2.7 35 2.5 

CO 45 2.8 45 2.5 42 2.3 40 1.9 39 2.3 

CO2 10 1.1 7 0.9 3 0.5 3 0.2 2 0.1 

CH4 12 3.2 14 3.1 16 2.8 15 2.5 15 2.1 

C2H4 18 2.5 16 2.3 14 2.1 12 1.5 9 1.2 

TOT 100 - 100 - 100 - 100  100  

 218 

In Figure 4 a bar chart reporting mass yields of non-condensable and condensable gases is shown, being the 219 

production of a solid fraction negligible, the mass balance is closed by the two gaseous components. 220 

 221 

Figure 4: Bar chart reporting pyrolysis products yields 222 

 223 

The standard deviation of gas composition and gas yields values is due to the difficulty of the experimental 224 

apparatus to regulate precisely the mass flow of glycerol inside pyrolysis reactor; this implies a slight 225 

variation in residence time inside the same. Residence time obviously influences the gas composition and 226 

reaction kinetics. 227 

 228 
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4 Kinetic Scheme and Numerical Methods 229 

4.1 Numerical Methods 230 

The software DSMOKE, developed by the CRECK modeling group of the Politecnico di Milano, 231 

was used for the simulation reported in this work. It is an easy platform to launch a simulation using 232 

detailed kinetic schemes developed and available online in [30]. An isothermal PSR reactor was 233 

assumed and simulations were performed at different temperatures between 823 K and 1073 K. 234 

Once reaction temperature was fixed, the effective residence time of reactants inside the reactor 235 

volume (5 liters) was evaluated accounting for the mass flow of glycerol inserted into the reactor (3 236 

g/min) and an effective and average density of reacting mixture. Thus, the residence time inside the 237 

reactor was ~130 ms at 923 K and only ~50 ms at 973 K, mainly due to the different glycerol 238 

conversion. 239 

 240 

4.2 Glycerol pyrolysis modeling 241 

The major radical reaction steps in the pyrolysis of glycerol are the initiation and the H-abstraction 242 

reactions, which refer to the different types of hydrogen atoms available in the glycerol molecule. 243 

As already discussed by Barker-Hemings et al. 2012 [19], molecular dehydrations are interesting 244 

reaction pathways as well. Figure 5 summarizes both these radical and molecular reaction paths. 245 

The primary propagation reactions of glycerol, coupled with a general kinetic scheme of 246 

hydrocarbon pyrolysis and oxidation (Ranzi et al., 2012 [30]), were also tested against several sets 247 

of experimental data, offering good agreement between predicted and measured values. 248 

 249 

Figure 5: Primary reactions of glycerol pyrolysis 250 

 251 
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 252 

Figure 6 shows the concentration profiles of the major species involved in the reaction system. 253 

Acetol and 3-hydroxypropanal are very reactive intermediates rapidly decomposing to form the 254 

most stable species, such as acetaldehyde and acrolein. Successive pyrolysis of these species further 255 

contributes to syngas formation. CO and H2 profiles clearly indicate that they are only successive 256 

decomposition products. 257 

The overall kinetic scheme POLIMI_BIO1407, already validated by Barker-Hemings et al. 2012 258 

[19], used in these simulations is constituted by 137 species and 4500 reactions and it is not 259 

adequate for CFD simulations. For this reason, it is necessary to develop a reduced mechanism that 260 

can be used for this purpose. 261 

 262 

Figure 6: Primary and successive reaction products of glycerol pyrolysis at 700 °C and 1 atm 263 

(model predictions) 264 

 265 

4.3 Development of a skeletal scheme of Glycerol Pyrolysis 266 

The skeletal kinetic scheme of glycerol pyrolysis has been obtained with the RFA (Reacting Flux 267 

Analysis), successively complemented with a sensitivity analysis by Stagni et al., 2014 [31]. The 268 

RFA reduction technique analyses the behavior of the original mechanism in ideal reactors. The 269 

importance of each species is evaluated according to the production and consumption rates 270 

throughout the whole reactor. The total fluxes of each reactor are then normalized with respect to 271 

the local maximum value, and according to the required size and precision of the reduced 272 

mechanism, only the first n species are kept in the skeletal model. The reduced kinetic scheme of 273 

glycerol pyrolysis, derived from the whole POLIMI_BIO1407 mechanism, is constituted by only 44 274 

species reported in Table 3 and is thus suitable for CFD simulations. This skeletal kinetic scheme, 275 



11 

 

involving 452 elementary and lumped reactions, is reported in the Supplemental Material of this 276 

paper, where 4 files are proposed with the following extensions: CKI, NAM, CKT, TRC; indicating 277 

respectively the kinetic scheme, the nomenclature, the thermodynamic data and the species 278 

transport data. 279 

 280 

Table 3: List of species contained in the skeletal mechanism for glycerol pyrolysis studied in this 281 

work 282 

N2 O2 H OH H2 H2O CO CO2 

HCO CH2O CH3 CH2OH CH3O CH4 CH3OH C2H2 

CH2CO C2H2O2 C2H3 CH3CO C2H4 CH3CHO C2H4O2 C2H5 

C2H4OH C2H6 C2H5OH C2H3CHO C3H6 C2H5CHO ACETOL C3H6O2 

C3H8 GLYCEROL C4H4 C4H6 SC4H7 CH2C3H5 CYC5H5 CYC5H6 

C5H7 C6H6 C7H7 C7H8 

     283 

5 Validation of the model: Comparison with experimental data  284 

As already mentioned, Stein et al. 1983 [32] studied the pyrolysis of glycerol in steam using a 285 

tubular, laminar flow quartz reactor. Table 4 reports a comparison between these experimental 286 

results and the predicted values obtained with both POLIMI_BIO1407 and the new skeletal 287 

mechanism proposed in this work. It is possible to observe that the predictions of the two 288 

mechanisms are very similar and in good agreement with experimental data. The kinetic 289 

mechanisms are able to characterize the effect of the temperature on the conversion of glycerol and 290 

also to predict the yields of the different products. As already discussed by Barker Hemings et al. 291 

2012 [19], and shown in Figure 6, the major species obtained in glycerol pyrolysis are acrolein and 292 

acetaldehyde. Moreover, the deviation observed between experimental measurements and model 293 

predictions for CO and H2 could be explained assuming the complete decomposition of 294 

formaldehyde, which was not experimentally detected.  295 

Valliyappan et al. 2008 [17] studied the pyrolysis of glycerol at various temperatures (650÷800 °C) 296 

and varying flow rates (30÷70 ml/min) in a tubular reactor using different packing materials. The 297 

major observed product was syngas with traces of CO2, CH4, and C2H4. Table 5 shows a 298 

comparison between the predictions of the kinetic mechanisms and the measured values. In this 299 

case, too, the skeletal scheme provides predictions very close to the ones of the detailed model and 300 

in good agreement with the experimental results, especially at low temperatures.  301 

The major deviation for CH4 and C2H4 at 800 °C suggests that their decomposition is not accounted 302 

for in the kinetic scheme. Moreover, the increase in the syngas yield also suggests that the steam 303 

reforming of methane and ethylene may occur within the reactor. A possible explanation for this 304 

discrepancy is supported by a thermodynamic equilibrium calculation, which indicates that at 800 305 

°C the stable products in the system are CO and H2, whereas methane and other hydrocarbons 306 
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should decompose. This reactivity cannot be explained by a gas phase reaction at these 307 

temperatures. As already discussed by Barker Hemings et al. [19], experimental evidence of 308 

analogous concerted heterogeneous–homogeneous processes are reported in literature Donazzi et 309 

al., 2011 [33]. Similar effects were also observed in the study of other oxygenated fuels (ethanol 310 

and methyl formate) by Lefkowitz et al. 2012 [34]. A catalytic effect inside the reactor could 311 

promote these steam reforming reactions of methane and justify the lack of reactivity: 312 

CH4 + H2O  CO + 3 H2                                                                                                 (1) 313 

In a similar way, it is possible to expect some catalytic interactions between ethylene and steam to 314 

form oxygenated species, here simply assumed as ethanol.  315 

C2H4 + H2O  C2H5OH                                                             (2) 316 

Table 5 also presents the final product distribution obtained by simply including in the skeletal 317 

kinetic scheme the two apparent catalytic reactions. Results show a more satisfactory agreement 318 

with the experimental data also at high temperatures. 319 

 320 

Table 4. Pyrolysis of glycerol in steam at 650, 700 °C and atmospheric pressure. Comparison 321 

between the complete kinetic mechanism of Barker-Hemings et al. 2012 [19], the skeletal model of 322 

glycerol pyrolysis and the experimental data of Stein et al. 1983 [32]. 323 

Temperature 

 

650 °C 

  

 700 °C 

 

 

Exp. 

This 

work 

Predicted 

Detailed 

bio1407 

Predicted 

Skeletal 

mechanism 

Exp. 

Stein et 

al. [33] 

Exp. 

This 

work 

Predicted 

Detailed 

bio1407 

Predicted 

Skeletal 

mechanism 

Glycerol (mole %) 1.69 1.69 1.69 1.04 1.04 1.04 1.04 

Conversion (%) 17.6 18 18.2 25 24 23.8 24 

Residence time [s] 0.13 0.13 0.13 0.048 0.05 0.05 0.05 

Products yield (%) 

    

 

  CO 30 38 38 58 35 40 40 

CO2 3 4 4 1 2 4 4 

Hydrogen 40 29 29 44 39 29 29 

Methane 15 9 9 11 15 10 10 

Ethylene 12 19 19 17 9 17 17 

 324 

Figure 7 shows a satisfactory comparison of experimental measurements of Valliyappan et al. 2008 325 

[17] and model simulations in terms of total gas and liquid yields. The carbonaceous residue found 326 
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experimentally is probably due to the successive polymerization of tar products that stick to the 327 

packing materials within the reactor. Acrolein, for instance, is well known for its polymerization 328 

propensity. These phenomena are not included in the gas phase kinetic scheme. These reactions 329 

have a negligible effect on the total gas and liquid mass yields but increase significantly the syngas 330 

production at high temperature, as already shown in Table 5.  331 

 332 

Figure 7: Effect of temperature on product yields during pyrolysis of glycerol at an effective residence time 333 

of 1.2 s and 1 atm. Symbols are experimental data taken from Valliyappan et al 2008 [17], model predictions 334 

of the skeletal kinetic model are the lines. 335 

 336 

Table 5. Effect of temperature on gas product composition during pyrolysis of glycerol at carrier 337 

gas flow rate 50 mL/min and atmospheric pressure. Experimental data of Valliyappan et al. 2008 338 

[17] 339 

Temperature 650 °C  800 °C  

Species (dry 

mol %) 

Valliyappan et al. 

2008 [17] 

Skeletal 

scheme 

Valliyappan et 

al. 2008 [17] 

Skeletal 

scheme 

Skeletal (including 

catalytic effect) 

H2 17 19.0 48.6 23.9 37.7 

CO 54 46.5 44.9 45.8 45.5 

CO2 0.2 2.6 1 2.5 1.7 

CH4 14.2 16.2 3.3 16.1 8.2 

C2H4 10.1 11.4 2 9.4 4.8 

C2H6 2.2 2.4 0.1 0.7 0.6 

C3H6 2.4 0. 0.1 0.2 0.1 

H2+CO 71 65.5 93.5 69.7 83.1 

 340 

Kawasaki and Yamane [35] studied the effect of reaction temperature of the pyrolysis of reagent 341 

glycerol in N2 inside a quartz flow reactor at atmospheric pressure. Figure 8 shows a comparison 342 

between these experimental measurements and model predictions. Since glycerol is injected as a 343 
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liquid, the residence time in the plug flow reactor simulation is assumed to be a fraction (50%) of 344 

the nominal residence time reactor to take into account the non ideal behavior of the system. It is 345 

possible to observe that the model is able to predict the  effect of temperature on the gas conversion 346 

efficiency and on the relative yields of the major gas phase species. The gas conversion efficiency is 347 

defined by the authors [35] using the measured molar flow rates:  348 

 
2 4 2 4 2 6

2 2 3gas CO CO CH C H C H Glyceroln n n n n n     
                                       (5) 349 

The increasing formation of acetylene, C4 species and aromatics explains the reduction of the 350 

efficiency moving towards higher temperatures. The formation of gases and syngas, in particular, 351 

tends to be overestimated by the model. This deviation is the opposite of the one already discussed 352 

in Table 5. 353 

 354 

Figure 8: Effect of temperature on gaseous product yields during pyrolysis of glycerol at 1 atm and an 355 

effective time equal to half of the nominal residence time in the flow reactor. Symbols are experimental data 356 

taken from [35]. Lines represent model predictions of the skeletal kinetic scheme. 357 

 358 

6 Discussion 359 

It is important in this discussion section to present the comparison between the performances of glycerol 360 

pyrolysis and glycerol steam gasification. In fact, both the processes can be used to produce hydrogen [36-361 

38]. As it can be seen from tables 2,4 and 5 in this paper, hydrogen production through pyrolysis (in a non-362 

catalyzed environment) has acceptable yields only at temperatures above 700°C-800°C. To compare its 363 

performance with glycerol two energetic indexes were chosen: the net energy gain and the process 364 

efficiency. 365 

The net energy gain is defined in equation 6: 366 

NEG = HHVgas * GY - ER                                                         (6) 367 

Where NEG represents the Net Energy Gain (expressed in kJ/kg glycerol), HHVgas represents the Higher 368 

Heating Value of pyrolysis Gas (calculated based on its composition and expressed in kJ/kg), GY represents 369 

pyrogas yield (expressed in mass fraction) and ER is the Energy required to promote pyrolysis or gasification 370 

processes (expressed in kJ/kg of glycerol). The process efficiency is defined in equation 7: 371 
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PE = HHVgas * GY / (HHVgl + ER)                                          (7) 372 

 373 

Where PE represents Process Efficiency ( a dimensionless quantity), HHVgas, ER and GY have been already 374 

explained, HHVgl is the Higher Heating Value of glycerol (expressed in kJ/kg). The results of the 375 

calculation of the two indexes are proposed in table 6.  376 

 377 

Table 6: Comparison between the energy performance of pyrolysis and steam gasification of glycerol 378 

Parameter Pyrolysis at 800°C [17] Steam gasification at 800°C [17] 

Gas conversion 67.3%w  90.60%w 

Average Gas 

Composition 

H2 48.6%v  58.90%v 

CO 44.9%v  30.30%v 

CO2 1.0%v  4.40%v 

CH4 3.3%v  4.80%v 

Gas Higher Heating Value 18,600 kJ/kg 21,500 MJ/kg 

Energy 

required  

Steam / 3,943 kJ/kg 

Glycerol 5,950 kJ/kg  2,625 kJ/kg 

Total 5,950 kJ/kg 6,568 kJ/mol 

Net energy gain (kJ/kg 

glycerol) 

6,568 kJ/kg 12,911 kJ/kg 

Ratio between energy in input 

and energy in output (referred 

to 1 kilogram of raw material) 

0.50 0.76 

 379 

It can be seen from table 6 that: the net energy gain of the steam gasification process is almost twice that of 380 

pyrolysis. Besides the efficiency of the steam gasification process (given by the ratio of the energy in output 381 

and the energy in input) is about 0.76 while pyrolysis has an efficiency of 0.50. If the gas will be used in fuel 382 

cells this efficiency should be multiplied by the efficiency of the fuel cell itself. These results push for a 383 

development of more efficient pyrolysis processes, which can compete with reforming and steam 384 

gasification.  385 

An optimized pyrolysis process should: 386 

-  introduce a packed bed of biochar to improve volatile yields and their cracking reactions and so hydrogen 387 

production; 388 

- in this way, on the one hand, the biochar produced from pyrolysis of biomasses will work as a catalyst; 389 

- on the other hand, it is very probable that using mixtures of glycerol and water as feed material will 390 

increase biochar bed porosity by flowing through it. 391 

The possibility to use char as a catalyst to promote volatiles cracking is shown by several works and among 392 

them those of prof. Kunio Yoshikawa and coworkers, see [39-42]. New pyrolysis processes are in 393 

development, as shown in [43]. Also, water-glycerol mixtures can be a promising material to be used in 394 

thermal processes, see [44]. In this way, pyrolysis can become competitive, also compared to the reforming 395 

process. Eventually, pyrolysis can be also coupled with steam reforming to improve its performance, see 396 

[45]. This is also confirmed by the latest progress on pyroreforming or Thermo-Catalytic Reforming, see 397 

[46]. 398 
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 399 

7 Conclusions 400 

Glycerol pyrolysis can be a relevant process to produce hydrogen to be used either as a biofuel for 401 

transport purposes or in CHP. Several plants have been proposed to pyrolyze glycerol (fixed beds, 402 

pyro-reforming plants etc.) and a zero dimensional model for glycerol pyrolysis has been already 403 

developed. In this study, a skeletal kinetic model of glycerol pyrolysis is developed and it allows 404 

possible CFD applications for plant optimization and scale up. This is an added value, with respect 405 

to the state of the art of pyrolysis modeling, as recently shown by Anca-Couce 2016 [47]. Starting 406 

from a detailed kinetic mechanism of more than 4500 reactions involving 137 species, a significant 407 

reduction was obtained through the RFA (Reaction Flux Analysis) and the skeletal model simply 408 

involves 44 species. The predictions of the skeletal and detailed mechanisms are very similar and in 409 

a reasonable agreement with experimental data. The agreement of model predictions improves with 410 

the increase of pyrolysis temperature. The new experimental data confirm the increase of non-411 

condensable gases yields, particularly of hydrogen, with the increasing temperatures. Model 412 

predictions also confirm that gas yields of 70%w can be achieved at 750-800°C, with hydrogen 413 

concentrations up to 44-48%v. These results don't show still an advantage of the pyrolysis process 414 

on reforming or steam gasification, because they can achieve yields of gasses above 90%w; so 415 

further research will be done on catalytic pyrolysis processes. 416 
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