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ABSTRACT 
 

Hydrogen gas is at present mainly used for the production of nitrogen-rich inorganic 

fertilisers such as anhydrous ammonium nitrate and urea (via the ammonia intermediate). 

To a lesser extent, it is also a necessary reagent in common petroleum refinery operations 

such as hydrogenation, hydrocracking, hydrodesulphurisation, hydrodenitrogenation, 

hydrodemetallisation, and Fischer-Tropsch processes, in addition to being the coolant of 

choice in large electrical power generators. In more recent years, there has been a surge 

of interest in hydrogen production processes as hydrogen could be the low carbon energy 

vector of the future, with the aim of drastically curbing greenhouse gas emissions as well 

as air pollution from transport. Current production of hydrogen relies on reacting 

hydrocarbons with steam through steam reforming of mainly natural gas and petroleum 

naphtha, and also steam gasification of coal, and therefore carries a large carbon 

footprint. With the increase in hydrogen consumption expected from the growth in world 

population accompanied by food and fertiliser demand, concurrent with the development 

of a low carbon economy relying heavily on hydrogenation reactions at bio-refineries, 

and eventually the introduction of a hydrogen economy, sustainable methods of hydrogen 

production are required to replace the current reliance on fossil fuels. In this chapter, 

thermochemical processes of conversion of glycerol to hydrogen are reviewed from the 

literature. The heterogeneous catalytic processes of mainly steam reforming, but also 

aqueous reforming, supercritical water gasification, and thermal decomposition are 

considered through their process conditions and outputs. 
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INTRODUCTION 
 

World energy demand is expected to increase from 11.8 billion tons oil equivalent (toe) 

in 2010 and reach 16.4-16.8 billion toe in 2030. [1,2] Our current major sources of energy 

come from fossil fuels such as coal, oil and gas. The increase of CO2 in the atmosphere over 

the last 200 years has been attributed to the burning of fossil fuels and is expected to cause a 

change in climate just like previous changes in atmospheric CO2 have done in the past. [3-6] 

Negative effects such as reduced crop yields and increased frequency of storms are expected. 

[7-10] G8 leaders proclaimed a target of 50% reductions in CO2 emissions by 2050 from 

2005 levels after their meeting in Lake Toya, Japan, in 2008. In 2009 it was recognized by the 

G8 leaders and the Major Economies Forum that the concentration of atmospheric greenhouse 

gases ought not to exceed 450 ppm CO2 equivalent. At the UN climate change conference 

(COP17/CMP7) in Durban, South Africa in 2011, a decision was made to write a legally 

binding agreement by 2015 which will come into force in 2020. Fossil fuel resources are 

spread unevenly over the planet and their use has made many nations dependent on energy 

imports. This represents a threat to national security in the case of shortages, high prices and 

high demand, but also in the case of conflict, both military and diplomatic. 

The use of fossil fuel for transportation is achieved mainly through the use of gasoline in 

internal combustion engine vehicles (ICEV). This results in the release of air pollutants, 

including particulates which have been linked to respiratory and cardiac disease. [11] These 

effects are worsened by increased population density and internal combustion engine vehicles 

which result in ever growing concentrations of particulates in populated areas. The efficiency 

of the process from energy source to end use is commonly quantified using the ‗well to 

wheel‘ (WtW) efficiency (WtW). The latter takes the efficiency of the manufacture, 

transportation and storage of the energy carrier into account as well as the efficiency of the 

end use. Efficiency at each step of the WtW calculations is defined according to Equation 1: 

 

product or process of inputEnergy 

product or process of outputEnergy 
  

 

Equation 1. Definition of efficiency used for WtW calculations. 

 

Crude oil as an energy source, gasoline as an energy carrier and  ICEV as their end use 

has a WtW of 14-15% and results in WtW CO2 emissions of about 200 g km
-1

. [12,13] There 

are several alternatives to this route which have higher WtW efficiencies and lower WtW CO2 

emissions such as refining the crude oil to diesel instead of gasoline, using ICE-hybrid 

vehicles, switching to biofuels like biodiesel and ethanol. However, two alternatives stand out 

as potential long term solutions to achieve near zero CO2 emissions. The first alternative is to 

directly use renewable electricity (e.g. wind, solar, hydro, tidal) in an electric vehicle, the 

second is to allow a renewable energy source (biomass, surplus wind/solar/hydro) to convert 

to H2 and use it to power a fuel cell vehicle. [12] Battery electric and fuel cell electric 

vehicles (BEV and FCEV) using electricity and H2 as energy carriers respectively are 

considered the best long term end uses with regard to the reduction of CO2 emissions. 
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H2 as energy carrier can solve the problems of intermittency of renewable electricity by 

acting as a grid buffer, and FCV (as end use) are quickly refilled for a similar range to that of 

current ICEV. This is unlike BEV which require frequent and lengthy recharging and are 

suited only to short journeys. Since the only endpoint emissions from a FCEV run on 

hydrogen is water, the health problems derived from particulate matter are also solved 

through this solution. Hydrogen can be produced from electricity and water using electrolysis; 

however it can also be produced from the combination of water and a number of different 

carbon-containing feedstocks. Therefore, this solution may also solve the problem of national 

security. The most economical production route of H2 is currently steam reforming of natural 

gas. Hekkert et al. [13] reported that producing H2 from natural gas using steam reforming, 

compressing the H2 for transportation and storage and using the H2 in a fuel cell vehicle was 

the scenario which had a higher WtW efficiency (21%) and the lower WtW CO2 emissions 

(115 g km
-1

) than directly fuelling a ICEV with compressed natural gas. The results were in 

agreement with Svensson et al. [12]. Adding carbon capture and storage (CCS) to the steam 

reforming process reduced WtW CO2 emissions further but also reduced WtW. [12] In 

summary, steam reforming of natural gas was considered a viable route to hydrogen 

production for the transport sector because the WtW efficiency was higher, and the WtW CO2 

emissions lower than those of the alternative uses of natural gas for the transport sector. 

However, for a truly sustainable route of hydrogen production, renewable feedstock is 

needed. 

Biodiesel can be produced from vegetable oils and animal fats, either from fresh or waste 

streams. [14] An emerging energy source is algae. Biodiesel consists of methyl esters and is 

conventionally produced through direct transesterification of the triglycerides present in the 

energy source (Fig. 1). [15] Another route to biodiesel is through biomass gasification 

followed by Fischer-Tropsch synthesis. 

 

 

Figure 1. Formation of biodiesel from oils. [15] 

A major by-product formed during biodiesel production is crude glycerol, which is a 

mixture containing glycerol as well as alcohols, soaps, alkali hydroxides salts and ash as well 

as calcium, magnesium, phosphor and sulphur. [16-19] The composition of the crude glycerol 

varies depending on what energy source is used. [17] For every 100 kg of vegetable oil that is 

transesterified, about 10 kg of crude glycerol is formed and this makes it too large a by-

product stream to be economically disposed of. The increased production of biodiesel has 

caused a surplus of crude glycerol as evidenced by the reduced value of glycerol. Biodiesel 

production increased by 295% between 2000 and 2005 and the value of glycerol was reduced 

almost tenfold between 2004 and 2006. [20-22] Between 2005 and 2008 world biodiesel 

production was below capacity, which can be attributed in part by the reduced cost of 

glycerol. [23] This provides an economic incentive to find new ways of adding value to crude 

glycerol from biodiesel production. Biofuel production increased from 0.7 million barrels 
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daily (mb/d) in 2007 to 1.8 mb/d in 2010 and has been predicted to increase further to 2.4 

mb/d in 2015 and 6.5 mb/d in 2030. [1,2,24] Assuming a reference scenario in which the 

atmospheric level of greenhouse gas emissions were limited to 450 ppm CO2 equivalent, the 

use of biofuels would be 275 Mtoe in 2030. [1 ]It has also been reported that in order to meet 

a target of 50% reduction in CO2 emissions by 2050 from 2005 levels, biofuel production 

needs to equal 12 exajoules (EJ, where exa = ×10
18

) by 2030 and 32 EJ by 2050. [25] 

Therefore the incentives to add value to crude glycerol from biodiesel production will be 

stronger in the future, especially if the goals of CO2 emission reductions are to be reached. 

The glycerol and the alcohols in the crude glycerol can be thermochemically converted to 

hydrogen. The glycerol can also be purified prior to hydrogen production. This way two 

transport fuels (biodiesel and hydrogen) can be produced from the same renewable energy 

source. The yield of hydrogen from glycerol must be maximised as well as the purity of the 

hydrogen. The inefficiencies of the process must be minimised and any problems that arise 

such as catalyst deactivation must be addressed. 

In order to address all these issues, several thermochemical routes to hydrogen 

production from glycerol have been investigated. Thermodynamic equilibrium analysis has 

been performed with the aim of understanding the processes involved and to identify the 

optimum conditions for maximum hydrogen yield and purity. Experimental work has been 

carried out building on the experience from the thermodynamic equilibrium analysis. 

Catalysts have been manufactured, characterized and used for hydrogen production in order 

to understand the effects of catalyst characteristics on hydrogen production and to learn how 

to manufacture catalysts which optimise hydrogen yield and purity. 

The aim of this chapter is to review the work carried out on thermochemical conversion 

of glycerol to H2. First, the thermodynamics of the process is introduced followed by an 

introduction of the parameters used when studying glycerol conversion to H2 and how they 

are defined (e.g. glycerol conversion and hydrogen yield). The routes to conversion of 

glycerol to H2 are then reviewed. These are steam reforming (including sorption enhanced 

steam reforming), aqueous phase reforming, autothermal reforming, supercritical water 

gasification and thermal decomposition. Although the term ‗gasification‘ is more often 

applied to solid feedstock, it is also in some cases used instead of ‗reforming‘ to gaseous and 

liquid feedstock in the literature. Each route is first introduced and then the results from 

thermodynamic equilibrium analysis (if any) are reviewed followed by those from 

experimental work. The work regarding catalysts is then reviewed. The main focus of this 

chapter is on the effects of the process parameters of temperature, ratio of water to glycerol 

and catalyst characteristics on the H2 concentration and yield for each of the routes of 

thermochemical conversion of glycerol to H2. 

 

 

THERMODYNAMICS OF CONVERSION OF GLYCEROL TO HYDROGEN 
 

Three main reactions are involved in the thermochemical conversion of glycerol to H2, 

namely glycerol decomposition (Reaction 1), methanation/methane steam reforming 

(Reaction 2) and the water gas shift reaction (WGS, Reaction 3). 

 

C3H8O3 → 3CO + 4H2 ΔH298K = +251.2 kJ mol
-1
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Reaction 1, thermal decomposition. 

CO +3H2  CH4 + H2O ΔH298K = -206.1 kJ mol
-1

 

Reaction 2, methanation of CO. 

 

H2O + CO  H2 + CO2 ΔH298K = -41.2 kJ mol
-1

 

Reaction 3, water gas shift (WGS). 

 

The dry gas composition at temperatures between 27 and 1007 ˚C derived from 

thermodynamic equilibrium analysis of glycerol conversion in the presence of water using 

minimisation of Gibbs free energy is shown in Figure 2. In this example, the molar ratio of 

water to glycerol is 9:1 corresponding to a molar water or steam to carbon ratio (S:C) of 3:1 at 

1 bar. With this method, glycerol conversion is complete at all temperatures in this range. At 

lower temperatures CH4 and CO2 are formed through the methanation (Reaction 2) and WGS 

(Reaction 3), respectively, from the CO and H2 produced by the glycerol decomposition 

reaction (Reaction 1). As the temperature is increased, the balance of Reactions 2 and 3 shifts 

further to the left resulting in decreasing concentrations of CH4 and CO2 in favour of 

increased concentrations of CO and H2. Note that the reverse of the methanation reaction is 

referred to as the steam methane reforming reaction (SMR). When SMR has gone to 

completion and the concentration of CH4 is negligible, the H2 concentration is maximised, 

and as the temperature is increased further the H2 concentration will decrease as the reverse 

WGS reaction is favoured. 

With increasing S:C, the H2 concentration is increased for all temperatures, and 

maximum H2 concentration is reached at an intermediate temperature (Figure 3). This is 

because an increase in water concentration will shift Reactions 2 and 3 towards more H2 

production. 

 

 

Figure 2. Concentrations of products from reaction of glycerol with water at molar steam to carbon ratio 

(S:C) of 3 at 1 bar. 
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Figure 3. Hydrogen concentration with temperature from water-glycerol reaction for various S:C at 1 

bar. 

Combining Reactions 1 and 3 gives the ‗complete‘ steam reforming reaction of glycerol 

(Reaction 4). 

 

C3H8O3 + 3H2O → 7H2 + 3CO2 ΔH298K +127.67 kJ mol
-1

 

Reaction 4. 

 

The theoretical maximum H2 production from reacting glycerol with water is 7 moles of 

H2 per mole of glycerol. H2 yield is a parameter used to measure the amount of H2 which is 

derived from glycerol and is commonly defined as either Equation 1 [26,27], Equation 3 

[28,29] or Equation 4. [30-32] However, King et al. [33] refer to Equation 2 as H2 selectivity 

while Hu and Lu [34] and Slinn et al. [35] use Equation 3 for H2 selectivity. In the tables 

below their results will be presented as H2 yields according to equations 2 and 3. 

 

converted) glycerol of (moles7

produced H of moles
yield H 2


1002

 

Equation 2 

 

  supplied)glycerol of moles7

produced H of moles
100yield H 2

2
(

  

 

Equation 3 

 

 suppliedglycerol of moles

produced H of moles
yield H 2

2   

Equation 4 
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The difference between Equation 2 and Equations 3 and 4 is the amount of moles of 

glycerol which are taken into account. Equation 2 only takes the amount of converted 

glycerol into account hence disregarding unconverted glycerol, while Equations 3 and 4 take 

all the glycerol which is supplied to the reactor into account. When considering 

thermodynamic equilibrium analysis using minimization of Gibbs free energy Equation 2 and 

3 will provide the same result since thermodynamic equilibrium results in complete 

conversion of glycerol. However, all work on thermodynamic equilibrium analysis reviewed 

here used Equation 4 to define the H2 yield. In the case of Equations 2 and 3, the maximum 

H2 yield is 100% while in the case of Equation 4 the maximum H2 yield is 7. 

Another useful parameter is the glycerol conversion. This parameter is used for 

experimental work and is a measure of how much of the glycerol supplied to the experimental 

setup was converted. Combined with the H2 yield, this parameter can provide useful 

information on the ability of the experimental setup to convert the glycerol to H2. Glycerol 

conversion is defined in different ways by different authors, and the definition used is often 

dictated by the methodology employed to quantify the conversion products. If for example the 

amount of glycerol in the product condensate (volatile products condensed by cooling) is 

quantified by measurement, Eq. 5 can be applied. If only gaseous products are quantified, 

then Eq. 6 and 7 can be applied. Eq. 6 and 7 only differ in the amount of carbonaceous 

gaseous products that are quantified. However, they are defined here with separate definitions 

since CO, CO2 and CH4 are by far the most common gaseous carbonaceous species to be 

quantified, but additional species such as C2H6 or C2H4 are sometimes also measured. Due to 

the variety of additional species that are reported in the literature, Eq. 7 is used to describe the 

definition of glycerol conversion when species other than just CO, CO2 and CH4 are 

quantified. Eq. 8 is used when both liquid and gaseous products are taken into account to 

calculate glycerol conversion. 
 

supplied glycerol of moles

products)) (in the -)((supplied glycerol of moles
100(%) conversion glycerol   

 

Equation 5 
 

 supplied)glycerol of (moles3

produced CH and CO CO, in C of moles
100(%) conversion glycerol 42


  

 

Equation 6 
 

 supplied)glycerol of (moles3

products gas all in C of moles
100(%) conversion glycerol


  

 

Equation 7 
 

 supplied)glycerol of (moles3

products liquid and gas in C of moles
100(%) conversion glycerol


  

 

Equation 8 
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The final parameter used when describing glycerol conversion to hydrogen which will be 

considered here is the selectivity to products. Conventional definition for selectivity to a 

product containing a specific element is the ratio of molar production of this species to the 

sum of the molar productions of all the products containing the same element. For example,  

for selectivity to hydrogen gas from the products containing the hydrogen element, all the 

hydrogen containing products are considered in the ratio (H2, CH4, NH3, hydrocarbons), for 

selectivity to the carbon containing products CO or CO2, all the carbon containing products 

are considered (CH4, CO, CO2, carbonaceous deposits, carbonates, hydrocarbons, volatile 

organic compounds). But other definitions have appeared in the literature such as Equations 9 

to 11. Among the non-conventional definitions of selectivity, for H2 selectivity Equation 9 is 

by far the most common. It compares the ratio of H2 in the gas to gaseous carbon containing 

species to the ratio of H2 to CO2 under thermodynamic equilibrium. Note that only H2 and 

CO2 are formed (in the ratio 7/3) under thermodynamic equilibrium according to Reaction 4. 

In the Tables below, only H2 selectivity is listed for clarity. 

 

RRphase gas in produced C of moles

produced H of moles
ty(%) selectiviH 2

2

1
100   

 

Equation 9. 

 

Where RR is the reforming ratio (7/3), defined as the ratio of moles of H2 to CO2 formed 

at thermodynamic equilibrium.  

 




produced CO and CH CO, ,H of moles

produced H of moles
(%)ty  selectiviH

242

2
2 100  

 

Equation 10. 

 

Where α is H2, CO2, CH4 or CO. 

 

Selectivity to carbon species 

moles of species  produced
 (%) 100

moles of C produced in the gas phase


  


 

 

Equation 11 

 

Where α is CO, CO2, CH4 etc. 

 

Other characteristics which are less common (maybe even specific to one particular 

reference) are listed in the text. When the characteristics listed above are referred to in the 

text or in a Table the definition used is given in brackets. Temperatures are given in degrees 

Celsius (˚C) and pressures are given in bar. 
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GLYCEROL CONVERSION REACTION PATHWAY 
 

The reaction pathway for the conversion of glycerol to hydrogen is complex and many 

reaction intermediates are possible on the route from glycerol through 2- and 3-carbon 

compounds to CO, CO2 and CH4. Conversion of glycerol is commonly carried out using a 

catalyst containing a metal on a support material. The metal has the ability to bind to C and O 

atoms in the glycerol molecule and then break C-C or C-O bonds. [36] By binding to two C 

atoms in the glycerol molecule, the catalyst can break a C-C bond resulting in the formation 

of ethylene glycol (ethane-1,2-diol), CO and H2 and thus promoting Reaction 1. By binding to 

one C and one O atoms in the glycerol molecule, the catalyst can break a C-O bond resulting 

in the formation of an 1,2 or 1,3-propanediol and H2O. This is referred to as dehydrogenation 

since water is removed from the compound. Further C-C and C-O breakage of the ethylene 

glycol, 1,2 and 1,3-propanediol by the metal catalyst then follows. Liu and Greeley [37] 

constructed free energy diagrams for a series of glycerol conversion intermediates on Pt(111) 

using density functional theory (DFT) calculations correlation schemes for binding energies 

and Brønsted–Evans-Polanyi (BEP) relationships for transition state energies (Fig. 4). They 

reported that for the first 6 dehydrogenation decomposition intermediates the energy of the 

dehydrogenation transition state was lower than the C-C bond cleavage transition state. The 

results showed that decomposition of glycerol is more likely to first proceed through a series 

of dehydrogenation reactions and then through C-C bond cleavage reactions. 

A metal catalyst can also induce the WGS reaction by adsorption of CO and H2O 

molecules, followed by dissociation of the H2O molecules into OH and then O. [38] The CO 

molecules can then react with adsorbed OH and H to form CO2 and H2 with COOH as an 

intermediate or alternatively the CO molecules can react with O to form CO2. In the latter 

case, adsorbed H form H2 without interfering with the reaction between CO and O. Hence a 

metal catalyst can induce the WGS reaction by dissociating O-H bonds in the H2O and OH 

molecules and promote C-O bonds in the CO2 molecules. 

 

 

Figure 4. Free energy diagram of glycerol decomposition intermediates at 210 ˚C and 1 bar on Pt(111) 

for all levels of dehydrogenation states of glycerol. Black squares =the adsorption thermochemistry of 

the most stable dehydration intermediate for a given dehydrogenation state, diamonds = the most stable 

dehydrogenation transition state for a given dehydrogenation state, triangles = the corresponding 

energetics for the C-C cleavage transition state for a given dehydrogenation state.
37
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A part from gaseous and liquids compounds, it is also possible that elemental carbon (or 

coke) is formed during glycerol conversion. A common route to coke formation is Reaction 5. 

Coke formation can cause catalyst deactivation and measures are therefore taken to minimize 

it. 

 

CO + H2  H2O + C(s) ΔH298K = -131.3 kJ mol
-1

 

Reaction 5. 

 

By analysing the gaseous products and the liquid products formed during glycerol 

conversion as well as analyzing the coke, the understanding of the reaction pathways can be 

increased. Dupont et al. [39] for example studied thermal decomposition of glycerol using 

thermogravimetric analysis (TGA) by heating it with a temperature ramp rate of 5 ˚C min
-1

 in 

N2. Mass loss began at 150 ˚C and ended at 230 ˚C. The crude glycerol decomposed into 94 

wt% volatiles and 6 wt% residues. The results showed that glycerol will readily decompose at 

temperatures below 230 ˚C in N2. Thermal decomposition of glycerol at temperatures 

between 500 and 700 ˚C produced H2, CO, CO2 and CH4 as well as ethane, ethene, propane, 

propene, n-butane, butane, and significant amounts of coke. [40] In this study, up to 50% of 

the carbon in the glycerol converted to coke during catalytic cracking at 500 ˚C with a S:C of 

1.7 using a commercial FCC catalyst containing Y-zeolite in a Si/Al matrix. Valliyappan et 

al. [41] carried out thermal decomposition of glycerol at 650 ˚C with N2 as a carrier gas and 

analysed the off gas using gas chromatography. The off gas consisted mainly of CO (54.0%) 

while the second most common species was H2 (17%). Other species detected in the off gas 

were CO2 (0.2 %), CH4 (14.2 %), C2H4 (10.1%), C2H6 (2.2%) and C3H6 (2.4%). 

Chiodo et al. [26] investigated glycerol‘s thermal decomposition at 800 ˚C in the 

presence of steam (S:C of 3) and analysed the reactor off gas and condensate using GC and 

GS-MS respectively. With regard to the gas phase, CO had the highest carbon selectivity (Eq. 

11) (50%) followed by C2H2 and C3H6 (25% in total), CH4 (13%), H2 (10%) and CO2 (1%). 

The condensate contained acetone, acetaldehyde, ethanol, propanol, acetid acid and 2,3-

dyhydroxylpropanal. Stein et al. [42] performed thermal decomposition of glycerol in the 

presence of steam at temperatures between 650 and 700 ˚C and analysed both the condensate 

and the off gas using gas chromatography. At 650 ˚C only acetaldehyde and acrolein were 

formed (the moles of acetaldehyde and acrolein formed per mole of converted glycerol were 

0.48 and 0.52 respectively). 

The absence of any other species could be explained by the short residence time used in 

the experiment (0.1 s). As the temperature increased, the moles of acetaldehyde and acrolein 

per mole of converted glycerol decreased while the moles of CO, CO2, CH4 and H2 per mole 

of converted glycerol increased. The results indicated that glycerol first decomposed to 

acetaldehyde and acrolein which then reacted further to form CO, CO2 CH4 and H2. Stein et 

al. [42] also carried out thermal decomposition in the presence of steam at 700 ˚C and (S:C 

168.7, 1 bar) with and without the presence of NO2 gas (which has the ability to inhibit 

radical initiated reactions). The presence of NO2 gas had no effect on the yield of 

acetaldehyde but reduced the yield of acrolein by 71%. They concluded that acetaldehyde was 

formed by a bond cleavage reaction and acrolein was formed by a radical initiated reaction. 
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STEAM REFORMING (SR) 
 

Steam reforming is the most extensively investigated production route to hydrogen from 

glycerol. It involves adding glycerol and water to a reactor where the glycerol is gasified and 

the water is turned into steam. The water can also be turned into steam before it reaches the 

reactor using a preheating system. A Ni based catalyst is commonly placed inside the reactor. 

A CO2 sorbent can also be incorporatd to the reactor, which has the ability to capture the CO2 

formed from the WGS reaction and thus shifting favourably its equilibrium and as a knock-on 

effect also that of the decomposition of glycerol. The SR process with in situ CO2 capture is 

referred to as sorption enhanced steam reforming (SESR). 

 

 

Thermodynamic Equilibrium Analysis 
 

Thermodynamic equilibrium analysis with reactor temperatures between 77 and 1127 ˚C, 

S:C between ⅓ and 4⅔ has been undertaken by a number of research groups. [43-52] 

The H2 concentration increased as the temperature increased and reached a maximum 

level. [43-45,48,49,51,52] The maximum H2 concentration was dependent on the S:C so that 

the higher the S:C, the lower the temperature of maximum H2 concentration. [43-45,48] A 

higher S:C also resulted in higher H2 concentrations over a range of temperatures. [43-45,48-

50] 

Thermodynamic equilibrium analysis has shown that the optimum temperature for steam 

reforming of glycerol with regard to maximum H2 yield was 540-677 ˚C. [31,46,49-52] The 

maximum H2 yield (Eq. 4) was 6-6.9 (Table 1). S:C affected the H2 yield such that a higher 

S:C resulted in a higher H2 yield, [46,51,52] as illustrated by figure 3. 

 

Table 1. Summary of thermodynamic equilibrium analysis of SR.  

Temperatures are given in ˚C 

 

Reference Temperatures S:C Best results Optimum conditions 

    Temperature S:C 

52 350-700 3 Yield (Eq. 4) 6.2 580 3 

50 427-827 3 Concentration 67% 

Yield (Eq. 4) 6 

652 

652 

3 

3 

49 277-727 0-4 Yield (Eq. 4) 6.2 652 4 

46 227-1177 0.5 - 4⅔ Concentration 70% 

Yield (Eq. 4) 6.3 

727 

667 

2 

4⅔ 

31 300-800 6.8 - 15⅓ Yield (Eq. 4) 6.9 540 15⅓ 

45 327-927 0-7 Concentration 65%* 577 4 

43 327-727 0.3-3 Yield (Eq. 4) 6 627 3 

44 327-727 0.3-3 Concentration 65% 

Yield (Eq. 4) 6 

627 

627 

3 

3 

47  327-927 0.3-3.3 Yield (Eq, 4) 6 627 3.3 

48 327-727 0.3-3 Selectivity (Eq. 9) 78% 

Yield (Eq 4) 5.8 

627 

652 

3 

3 

* while allowing a maximum CO concentration of 5%. 
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Experimental Work 
 

Experimental work with reactor temperatures between 200 and 803 ˚C and S:C between 

0.5 and 15.3 have been carried out (Table 3). Both electrical heating and microwave heating 

were used. [53] 

Hydrogen hydrogen yields of 46-67% (Eq. 2), 56.5-95% (Eq. 3) and 2.5-6.5 (Eq. 4) were 

achieved (Table 3). High temperatures and high S:C resulted in improved performance. 

Buffoni et al. [54] for example carried out steam reforming between 450 and 600 ˚C (S:C 6) 

and reported that the H2 concentration increased from 59 to 71% as the temperature was 

raised from 450 to 600 ˚C while the concentrations of CO, CO2 and CH4 were reduced. 

This is in agreement with Zhang et al. [55], Adhikari et al. [44] and Pompeo et al. [56] 

who all reported increased H2 concentrations with rising temperature in the 350-650 ˚C range. 

The effect of S:C was studied by Slinn et al. [35] who performed steam reforming of crude 

glycerol at 850 ˚C and reported an increase in H2 concentration when the S:C grew from 0.5 

to 2.5. 

The effects on the steam reforming process of the WGS reaction were demonstrated by 

Doutte et al. [57] who carried out steam reforming with a separate WGS reactor. The steam 

reforming reactor was at 1 bar, 804 ˚C and S:C of 2.2 while the WGS reactor was between 

320 and 420 ˚C. The H2 yield (as defined by Equation 3) increased from 4.3 to 5.9 for WGS 

temperature from 320 to 380˚C (Figure 5). As the temperature increased further to 420˚C the 

H2 yield (Eq. 4) reduced to 5.3. The results demonstrated the ability of the WGS reaction to 

aid in H2 production at lower temperatures but also to have the opposite effect when it is 

reversed as temperature increases, as explained by the thermodynamics of the steam 

reforming process. 

 

 

Figure 5.  H2 yield as a function of WGS reactor temperature following steam reforming of glycerol 

with S:C 2.2 at 804 ˚C. [57] 

The means of heating the steam reforming reactor can also affect the steam reforming 

process as demonstrated by Fernandez et al. [53], who steam reformed glycerol using an 
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activated carbon (AC) catalyst at 1 bar, 800 ˚C and S:C between 1 and 9 using both electrical 

heating and microwave heating. With electrical heating, H2 in the reactor off gas increased 

with S:C from 30.9 to 38.2% while the amount of CO reduced from 47.2 to 44.1%. As a 

result the H2:CO ratio augmented from 0.7 to 0.9. With microwave heating, H2 increased 

from 40.9 to 49.1% as S:C increased while CO reduced from 44.0 to 42.7%, causing the 

H2:CO ratio to increase from 0.9 to 1.2. However, the conversion to gaseous products (Eq. 7) 

was lowered from 67.8 to 52.3% under electrical heating and from 70.4 to 62.3% under 

microwave heating. 

The results showed that increased S:C augmented the H2:CO ratio and that microwave 

heating produced a higher H2:CO ratio for a given S:C compared to electrical heating. 

However, there was a trade off between conversion to gaseous products and H2:CO ratio. The 

improved performance of microwave heating compared to electrical heating was discussed by 

Fernandez et al. [58] (reviewed in the section on thermal decomposition). 

During analysis of the gaseous products from glycerol steam reforming, only the 

concentrations of H2, CH4, CO and CO2 are normally measured since the formation of other 

compounds with higher numbers of carbon atoms that can form is negligible. [50-52,59] The 

reason for this is that the enthalpy of formation for carbon containing compounds is increased 

with the number of carbon atoms (Table 2). [59] This subsequently increases the Gibbs free 

energy of formation with the number of carbon atoms, making it less likely for compounds 

containing more carbon atoms to form compared to compounds containing less carbon atoms. 

In fact, thermodynamic analyses using minimisation of Gibbs free energy have shown that the 

compounds methanal, methanol, formaldehyde, ethanal, ethanol, ethane, ethene, ethylene, 

propanal, propane, propene, propanone, propionaldehyde, acetone, acetic acid, acrolein, allyl 

alcohol and acetaldehyde either exist in negligible concentrations (molar fractions <10
-6

) or 

not at all at equilibrium. [46,50-52] However, equilibrium is hard to reach under experimental 

conditions and higher carbon containing compounds have been found. Gas chromatography-

mass spectrometry (GC-MS) analysis of condensate produced during steam reforming at 

temperatures up to 650 ˚C has shown the presence of unreacted glycerol as well as pyrolysis 

products. [35,54,60] This shows that high carbon containing compounds can indeed form but 

they collect in the condensate which is expected since volatility is reduced with increased 

number of carbon atoms. 

 

Table 2. Enthalpy (Cal ˚C
-1 

mol
-1

) for a number of 1, 2 and 3 carbon  

containing compounds [59] 

 

Compound Temperature (˚C) 

 427 627 827 

Methane 43.86 46.47 48.78 

Ethane 55.25 59.24 62.90 

Propane 65.90 71.47 76.63 

Methanol 56.41 59.66 - 

Ethanol 67.22 72.31 76.88 

Propanol 85.59 92.57 - 

 



Roger Molinder and Valerie Dupont 14 

Catalysts were manufactured using a range of metals and supports. The metal particle 

size and the metal dispersion on the catalyst can be altered by using different metals [56], 

different metal loadings [61] and different supports. [60,62] It is also possible to alter the 

metal dispersion through the manufacturing process such as using different calcination 

atmospheres during the catalyst synthesis process. [29] A small metal particle size and a high 

metal dispersion should be favourable to a high H2 yield, H2 selectivity and H2 concentration. 

However, this is not always the case and factors other than particle size and dispersion such 

as what metal is used can have a larger impact on the catalyst properties. [54,55] In other 

words, one metal can outperform another even if it displays a larger particle size and lower 

dispersion. 

With increased time on stream, catalyst deactivation is commonly reported and this has 

been linked to coke formation of the catalyst surface which limits the contact between the 

catalyst and the glycerol. Choi et al. [29] for example undertook steam reforming at 600 ˚C 

with S:C of 8, achieving a H2 yield (Eq. 3) of 90-95% and a glycerol conversion (Eq. 7) 

between 95 and 100% for 200 min. This then reduced to 80% after 350 min. The results were 

in agreement with Araque et al. [30], who reported a reduction in H2 yield (Eq. 3) from 85.7 

to 50% after 3 h at 650 ˚C and S:C ratio of 3. Chiodo et al.‘s experiments at 700 ˚C and S:C 

of 3 for 100 h produced a stable H2 yield (Eq. 2) at 4.7% for 8 h, which then reduced to 2.5% 

after 100 h. [26] Chiodo et al. [26], Choi et al. [29] and Araque et al. [30] all reported coke 

formation on the catalyst which was used to explain the reduction in H2 yield with increased 

time on stream. Coke formation has been shown to reduce the surface area and pore volume 

of catalysts. [52,54,56] The extent of coke formation has also been shown to correlate with 

reduced formation of gaseous products, reduced H2 production and increased formation of 

liquid product. [30,34,54] Doping the catalyst with an additional metal or using different 

supports can reduce coke formation of the catalyst. [30,54,60] CeO2 as a support has been 

particularly useful for this while simultaneously reducing metal particle size and dispersion. 

The effect of the CeO2 can be attributed to the formation of strong bonds between the CeO2 

support and the metal. Farmer and Campbell 
63

 have reported on strong chemical bonding 

between Ni and Ce which subsequently reduces the driving force for particle growth. Strong 

bonding between metal and support has also been reported to reduce the catalyst metals 

susceptibility to oxidation [64], another notorious deactivation process of nickel based 

catalysts during steam reforming. 

During the steam reforming process coke can form through the Reaction 5, Reaction 6 

(Boudouard) or thermal decomposition of glycerol or CH4 (Reactions 7 and 8). 

 

2CO → CO2 + C(s) ΔH298K = -172.4 kJ mol
-1

 

Reaction 6. 

 

C3H8O3 → 3C(S) + 3H2O + H2 ΔG823K = -292.8 kJ mol
-1

 

Reaction 7. 

 

CH4 → 2H2 + C(s) ΔH298K = +74.9 kJ mol
-1

 

Reaction 8. 

 

Since all reactions leading to the formation of coke apart from the decomposition of CH4 

are exothermic, coke is not expected to form with regard to the thermodynamics of the steam 
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reforming process at high temperatures. As H2O is formed together with coke in three out of 

the five reactions listed above, a higher S:C reduces the amount of coke. In fact, 

thermodynamic analyses of glycerol steam reforming using minimisation of Gibbs free 

energy and the stoichiometric method have shown that coke formation is thermodynamically 

inhibited with S:C between 1.5-4 between 277-927 ˚C. [43-47,49,51] 

Therefore, high temperatures and high S:C will reduce catalyst deactivation by coking. 

This was confirmed by Sanchez et al. [65] who carried out steam reforming at 600, 650 and 

700 ˚C for 4 and 8 h and determined the glycerol conversion. For steam reforming at 600 and 

650 ˚C they reported significantly lower conversion after 8 h compared to after 4 h. However 

the conversion at 700 ˚C was similar after 8 h and after 4 h. 

Temperature programmed reduction and oxidation (TPR/TPO) have revealed that the 

coke formed on catalysts consists of two types of carbon containing species while SEM 

imaging has shown coke deposits with filamentous form. [30,66-68] 

Cheng et al. [66-68] analysed the characteristics of carbon deposits formed on a 

bimetallic Co-Ni/Al2O3 catalyst and on a Co/Al2O3 catalyst. TGA-MS was used to carry out 

temperature programmed reduction (TPR) in a mixture of H2 and Ar followed directly by 

temperature controlled oxidation (TPO). TPO was carried out in air in the case of the 

Co/Al2O3 catalyst and in both air [68] and pure O2 [66] in the case of the bimetallic Co-

Ni/Al2O3 catalyst. During TPR, the catalysts displayed a mass loss and subsequent release of 

CH4. During TPO the catalysts displayed further mass loss and subsequent release of CH4, 

CO and CO2. Based on mass change of the bimetallic Co-Ni/Al2O3 catalyst it was concluded 

that the carbon deposits removed during TPR and TPO had molar C:H ratios of 1 and 6 

respectively. The results indicated the presence of two types of carbon containing species in 

the carbon deposits. Cheng et al. [68] carried out a second set of TPR and TPO. This resulted 

in a mass loss during TPR subsequently regained during the TPO which indicated that the 

changes in mass were due to reduction and oxidation of the Co-Ni species. Since the net mass 

change was zero after the second set of TPR and TPO it was concluded that the first set of 

TPR and TPO removed all carbon deposits. 

Using different supports can result in catalysts with different acidity which has an impact 

on the gas and condensate composition. Pompeo et al. [69] manufactured catalysts using 

supports with different acidity. The catalyst with the highest acidity caused lower conversion 

to gaseous products, and dehydration products were found in the liquid phase. This suggested 

that the acidic support initiated dehydration reactions which led to a reaction pathway 

resulting in liquid instead of gaseous products. Different supports can also lead to differences 

in selectivity to CO2 and CO. [64] High selectivity to CO2 correlated with high selectivity to 

H2 and this was explained by the ability to promote the WGS reaction. As discussed by 

Nichele et al. [64] the reason why the WGS reaction was promoted was that CO attached to 

the catalyst where it was subjected to the WGS reaction. No correlation between catalyst 

surface area and H2 concentration or H2 yield has been reported. [29,32,70] 
 

 

SORPTION ENHANCED STEAM REFORMING (SESR) 
 

Thermodynamic equilibrium analysis has shown that the presence of a CO2 sorbent will 

improve the steam reforming process by increasing the concentration of H2 while reducing 

the concentrations of CO, CO2 and CH4 as well as increasing the H2 yield (Table 4). 
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[46,50,51,72,73] Both thermodynamic equilibrium analysis and experimental work have 

demonstrated these improvements using CaO and dolomite as CO2 sorbents. [46,51,72-74] 

The presence of a CO2 sorbent has also been shown to reduce the temperature and S:C at 

which maximum H2 concentration and H2 yield was reached. [46,50,73-75] However, the 

CO2 sorbent will become saturated as sorption proceeds with time, causing a loss of CO2 

capture capacity with subsequent loss of the improvement on the steam reforming process. 

[73-76] Regeneration of the sorbent by desorption of the captured CO2 is then required when 

the same sorbent is to be used again. 

 

 

Thermodynamic Equilibrium Analysis 
 

Chen et al. [51] carried out thermodynamic equilibrium analysis with S:C of 1:3 at 527 

˚C and 1 bar while varying CO2 capture fraction from 0-100%. As the fraction of CO2 

removed from the system increased, the H2 concentration increased and the concentrations of 

CO and CH4 reduced. Wang et al. [50], da Silva and Müller [46] and He et al. [75] carried out 

thermodynamic equilibrium analysis with S:C from 0.5 to 4⅔ at temperatures between 227 

and 1177 ˚C with and without CaO as the CO2 sorbent. Without CaO, the highest H2 

concentration (67-68%) and the highest H2 yield (≈80%, Eq. 3) were reached at 612-652 ˚C 

and S:C of 3-4⅔. In the presence of CaO the highest H2 concentration (95-99%) and the 

highest H2 yield (≈100%) was reached at temperatures between 427 and 600 ˚C. Li et al. [72] 

carried out thermodynamic equilibrium analysis with CaO as the CO2 sorbent with S:C of 1⅓ 

at  627 ˚C while varying the CaO:Glycerol ratio from 0 to 20. When the ratio of CaO to 

glycerol increased, the concentration of H2 in the reactor off gas increased from 60% to above 

96% while those of CO and CH4 reduced from 15 and 4% to below 1 and 2%, respectively. 

 

 

Figure 6. Carbon compound distribution at temperatures between 427 and 827 ˚C during sorption 

enhanced steam reforming of glycerol at S:C of 3. [50] 



 

Table 3. Summary of experimental work on steam reforming. Temperatures in ˚C 

 

Reference Temperature S:C range Catalyst Best results Optimum conditions 

     Temperature S:C 

28 550-650 2 Ni/MgO 

 

Ni/CeO2 

 

 

Ni/TiO2 

Conversion (Eq. 5) 100% 

Selectivity (Eq. 9) 65.6% 

Conversion (Eq. 5) 97.7% 

Selectivity (Eq. 9) 66.7% 

Yield (Eq. 3) 43.6%  

Conversion (Eq. 5) 98% 

Selectivity (Eq. 9) 62.2% 

Yield (Eq. 3) 47.0 

650 

650 

600 

550 

600 

650 

650 

650 

2 

2 

2 

2 

2 

2 

2 

2 

30 450-650 3 Ce2Zr1.5Co0.5O8-δ 

 

Ce2Zr1.5Co0.47Rh0.07O8-δ 

Conversion (Eq. 5) 100% 

Yield (Eq. 4) 5.7 

Conversion (Eq. 5) 100% 

Yield (Eq. 4) 6.7 

650 

650 

650 

650 

3 

3 

3 

3 

31 600-700 6.8-15.3 Ni/CeO2 

 

 

Ni-ZrO2/CeO2 

Conversion (Eq. 5) 94.1% 

Selectivity (Eq. 9) 59.8 

Yield (Eq. 4) 3.4 

Conversion (Eq. 5) 100% 

Selectivity (Eq. 9) 62.5% 

Yield (Eq. 4) 3.9 

700 

700 

700 

700 

700 

700 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

32 700 2 Ni 

 

 

NiIr 

 

 

NiPd 

 

NiPt 

 

NiRu 

Conversion (Eq. 5) 65% 

Concentration 60% 

Yield (Eq. 4) 2.2 

Conversion (Eq. 5) 99% 

Concentration 60% 

Yield (Eq. 4) 4.5 

Conversion (Eq. 5) 99% 

Yield (Eq. 4) 3.7  

Conversion (Eq. 5) 98% 

Yield (Eq. 4) 4.8 

Conversion (Eq. 5) 89% 

Yield (Eq. 4) 2.4 

700 

700 

700 

700 

700 

700 

700 

700 

700 

700 

700 

700 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 



 

 Table 3. (Continued)  

 

Reference Temperature S:C range Catalyst Best results Optimum conditions 

     Temperature S:C 

70 500-600 3.3 Ru/Y2O3 

 

Ru/ZrO2 

 

Ru/CeO2 

 

Ru/La2O3 

 

Ru/SiO2 

 

Conversion (Eq. 6) 100% 

Yield (Eq. 3) 82.2% 

Conversion (Eq. 6) 98.5% 

Yield (Eq. 3) 81.6% 

Conversion (Eq. 6) 82% 

Yield (Eq. 3) 73.1% 

Conversion (Eq. 6) 87.9% 

Yield (Eq. 3) 71.8% 

Conversion (Eq. 6) 32.7% 

Yield (Eq. 3) 18.3% 

600 

600 

600 

600 

600 

600 

600 

600 

600 

600 

3.3 

3.3 

3.3 

3.3 

3.3 

3.3 

3.3 

3.3 

3.3 

3.3 

   Ru/MgO 

 

Ru/Al2O3 

 

Conversion (Eq. 6) 31.3% 

Yield (Eq. 3) 12.3% 

Conversion (Eq. 6) 28.5% 

Yield (Eq. 3) 6.4% 

600 

600 

600 

600 

3.3 

3.3 

3.3 

3.3 

71 500-600 15.3 Ni/Al 

 

Ni/Ce 

Conversion (Eq. 6) 100% 

Yield (Eq. 4) 6.5 

Conversion (Eq. 6) 55% 

Yield (Eq. 4) 0.3 

600 

600 

600 

600 

15.3 

15.3 

15.3 

15.3 

29 600 8 Ni/Al calcined in air 

 

Ni/Al calcined in N2O 

Conversion (Eq. 7) 85% 

Yield (Eq. 3) 80%  

Conversion (Eq. 7) 99% 

Yield (Eq. 3) 95%  

600 

600 

600 

600 

8 

8 

8 

8 

26 500-800 3 Rh/Al2O3 Conversion (Eq. 7) 95% 

Yield (Eq. 2) 67% 

700 

700 

3 

3 

61 650 15.3 Ru/Mg(Al)O 

 

Ru-Sn/Mg(Al)O* 

Conversion (Eq. 8) 90% 

Yield (Eq. 3) 85% 

Conversion (Eq. 8) 90% 

Yield (Eq. 3) 60% 

650 

650 

650 

650 

15.3 

15.3 

15.3 

15.3 

 



 

Reference Temperature S:C range Catalyst Best results Optimum conditions 

     Temperature S:C 

55 400-550 3 Ir/CeO2 

 

Co/CeO2 

 

Ni/CeO2 

Concentration 68.7% 

Selectivity (Eq. 9) 94.1% 

Concentration 68.5% 

Selectivity (Eq. 9) 93.4% 

Concentration 67.9% 

Selectivity (Eq. 9) 90.8% 

550 

550 

550 

550 

550 

550 

3 

3 

3 

3 

3 

3 

60 550-650 4 Ni/CeO 

 

Ni/TiO2 

 

Ni/MgO 

 

Conversion (Eq. 5) 100% 

Selectivity (Eq. 9) 75% 

Conversion (Eq. 5) 80% 

Selectivity (Eq. 9) 40% 

Conversion (Eq. 5) 100% 

Selectivity (Eq. 9) 45% 

600 

600 

650 

650 

650 

650 

4 

4 

2 

2 

2 

2 

64 500-650 15.3 Ni/TiO2** 

 

Ni/SBA-15** 

 

Ni/ZrO2** 

Conversion (Eq. 6) 10% 

Yield (Eq. 3) 5% 

Conversion (Eq. 6) 85% 

Yield (Eq. 3) 75% 

Conversion (Eq. 6) 90% 

Yield (Eq. 3) 81% 

650 

650 

500 

500 

500 

500 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

65 600-700 5.3 Ni/Al2O3 Conversion (Eq. 7) 99.4% 

Selectivity (Eq. 9) 99.7% 

700 

650 

5.3 

5.3 

34 200-600 2 Ni/Al2O3 Conversion (Eq. 8) 95% 

Yield (Eq. 3) 65% 

600 

600 

2 

2 

56 350-450 15.3 Pt/SiO2 

 

Ni/SiO2 

Conversion (Eq. 7) 100% 

Concentration 70% 

Conversion (Eq. 7) 80% 

Concentration 70% 

450 

450 

450 

450 

15.3 

15.3 

15.3 

15.3 

67 497-550 1.1-4 Co/Al2O3 Conversion (Eq. 7) 50% 550 4 

 

 

 

 



 

Table 3. (Continued) 

 

*displaying only the Ru-Sn/Mg(Al)O catalyst which gave the best result. 

**Results listed are after 5h time on stream. 

***Results listed are after 1h time on stream. 

Reference Temperature S:C range Catalyst Best results Optimum conditions 

     Temperature S:C 

57 804 2.2 Ni based commercial catalyst Concentration 35% 804 2.2 

69 350 15.3 Pt/SiO2 

 

Pt/Ce4Zr1α 

 

Pt/ZrO2 

 

Pt/γ-Al2O3 

Conversion (Eq. 7) 100% 

Selectivity (Eq. 10) 69% 

Conversion (Eq. 7) 78% 

Selectivity (Eq. 10) 72.5% 

Conversion (Eq. 7) 15.5% 

Selectivity (Eq. 10) 62.2% 

Conversion (Eq. 7) 7.5% 

Selectivity (Eq. 10) 61.1% 

350 

350 

350 

350 

350 

350 

350 

350 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

54 450-600 2 Ni/CeAl2O3*** 

 

Ni/ZrAl2O3*** 

 

Ni/Al2O3*** 

Conversion (Eq. 7) 100% 

Concentration 70.6% 

Conversion (Eq. 7) 100% 

Concentration 71.1% 

Conversion (Eq. 7) 100% 

Concentration 69.9% 

600 

600 

600 

600 

600 

600 

2 

2 

2 

2 

2 

2 

44 550-650 2 Ni/MgO Yield (Eq. 4) 4 650 2 
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The improvements in the steam reforming process are attributed to the removal of CO2 

from the gas phase by CaO, resulting in the equilibrium of the WGS reaction and the steam 

reforming reactions (glycerol and methane by-product) to shift according to Chatelier‘s 

principle, with subsequent reduction of the concentrations and yields of CO and CH4, 

glycerol, as well as CO2. When only carbon containing species where considered, the only 

remaining compound below 577 ˚C was CaCO3, which resulted from the carbonation of CaO 

according to Reaction 9 (Figure 6). [50] 

 

CaO + CO2 → CaCO3 ΔH298K = -178.8 kJ mol
-1

 

Reaction 9. 

 

With temperature increased above 577 ˚C, the concentration of CaCO3 reduced while 

those of CO2 and CO increased. The reduction of CaCO3 with simultaneous increase in CO2 

was attributed to decomposition of CaCO3 through the reverse of Reaction 9 leading to 

release of CO2. The increase in CO was attributed to the reverse WGS reaction. 

 

 

Experimental Work 
 

The addition of a CaO based CO2 sorbent has been shown experimentally to increase the 

H2 concentration and the H2 yield, however the effect of the Ca-based sorbent is gradually 

eroded at temperatures above 700 ˚C due to the decomposition of CaCO3. [72-74] He et 

al.[75] carried out steam reforming of glycerol at temperatures between 500 and 850 ˚C and 

S:C of 3 with and without dolomite (a natural mineral consisting of equimolar calcium and 

magnesium carbonates) as a CO2 sorbent. Without dolomite, the highest H2 off gas 

composition was 70 mol%, reached between 580-600 ˚C. With dolomite, the highest H2 

concentration was close to 100% and was achieved between 520 and 530 ˚C. This is in 

agreement with Dou et al.[73,74] who carried out steam reforming of pure and crude glycerol 

in a fixed bed reactor at temperatures between 400 and 850 ˚C and a S:C of 3 with and 

without dolomite used as a CO2 sorbent. Without the dolomite the highest H2 concentration 

was 66.7-68.0% and it was achieved at 600-700 ˚C. With the dolomite the highest H2 

concentration was 88.2-97.0% which was achieved at 500 ˚C. However, when the 

temperature increased to 700 ˚C, the H2 concentration was lowered to 73.2-77%. The reduced 

performance of the dolomite at temperatures above 700 ˚C reported by Dou et al.[73,74] can 

be attributed to decomposition of CaCO3 by the reverse of Reaction 9.[50] 

Even under optimised conditions, the effect of CaO is lost after a given time on 

stream.[73-75] This loss of sorbent effect has been reported earlier and has been attributed to 

saturation of the CO2 sorbent.[76,77] 

He et al.[75] achieved >99% H2 purity with CO, CO2 and CH4 levels <1% during steam 

reforming of glycerol at 575 ˚C, 1 bar and a S:C of 3 for 200 min, after which the H2 

concentration reduced and the concentrations of CO, CO2 and CH4 increased. This was in 

agreement with Dou et al.[74] who only maintained maximum H2 purity for 3 min at 500 ˚C 

and Dou et al.[73] who reported a 10% drop in H2 concentration within 10 minutes of 

operation. 
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It is possible to regenerate the Ca-based CO2 sorbents and reuse them in a steam 

reforming process, however this involves a high energy penalty since temperatures of 800-

900 ˚C are needed to calcine (thermally decompose) the CaCO3 back to CaO.[78,79] The CO2 

capture capacity of the sorbent is also reduced for every regeneration step due to sintering 

which means that fresh sorbent needs to be continuously added to the steam reforming 

reactor.[80,81] However, advances have been made towards solving these issues. CaO based 

sorbent materials with a low susceptibility towards sintering have been manufactured and 

methods for reversing the effects of sintering have been proposed.[82,83] 

 

 

Autothermal Reforming (ATR) 
 

Autothermal reforming involves carrying out steam reforming in the presence of oxygen. 

The presence of oxygen results in the exothermic combustion of glycerol (Reaction 10). The 

heat released by this reaction can be used to sustain the steam reforming reaction 

(endothermic). If enough oxygen is present the heat released by the exothermic reactions is 

cancelled out by the heat requirement of the endothermic reforming reactions. This is called a 

thermoneutral condition and it is an important factor in ATR because no external heating is 

needed at thermoneutrality and less energy is subsequently needed to heat the reformer. The 

temperature at which the thermoneutral condition is reached under a given set of conditions is 

called the adiabatic temperature. Much attention is given to determine how to maximise 

hydrogen production while at the same time maintaining thermoneutrality. 

In the presence of oxygen, combustion of glycerol (Reaction 10) occurs alongside the 

glycerol decomposition (Reaction 1) and the water gas shift (Reaction 3). 

 

C3H8O3 + 3.5O2 → 3CO2 + 4H2O ΔH298K= -1564.93 kJ mol
-1

 

Reaction 10. 

 

By using molar ratios of O2 to glycerol and of steam to glycerol of 0.269 and 2.770 

respectively, the balance of enthalpies of the three reactions at 298 K (25 ˚C) is zero, realising 

the thermoneutral condition. This condition corresponds to 7.7% of the glycerol requiring to 

burn to sustain the steam reforming of the remaining 92.3%. 

An increased amount of oxygen relative to the amount of glycerol results in more 

addition of heat to the process. CO2 formation is also favoured over CO formation with an 

increased amount of oxygen (see Reaction 10). Note that the molar amount of H2 formed for 

each mole of glycerol during autothermal reforming is lower than the amount of H2 formed 

for each mole of glycerol during steam reforming according to Reaction 4. This result in a 

trade off between the energy savings from the presence of oxygen and the amount of H2 

produced. Furthermore, the source of O2 used to carry out ATR introduces additional costs. If 

air is used, the reformate is significantly diluted with N2 gas and requires more purification 

steps. If pure O2 is used to avoid N2 dilution of the reformate, an air separation unit is 

necessary. 



 

Table 4. Summary of thermodynamic and experimental work on sorption enhanced steam reforming. Temperatures in ˚C 

 

 

 

Reference Temperature S:C range 

Best results without 

sorbent Optimum conditions Best results with sorbent Optimum conditions 

    Temperature S:C  Temperature S:C 

Thermodynamic equilibrium analysis 

46 227-1127 1-4.7 Concentration 70% 727 2 Concentration 100% 427 1.2 

50 427-827 1-3 Concentration 67% 652 3 Concentration 100% 427 3 

75 500-900 1-3 Concentration 60% 620 1.3 Concentration 97% 500 1.3 

51 327-727 1-4 Yield (Eq. 4) 6 677 3 Yield (Eq. 4) 7 327 3 

72 227-1227 0-3.3 Concentration 65% 875 3.3 Concentration 100% 477 3.3 

Experimental 

75 500-650 1-3 Concentration 70% 600 1.3 Concentration 95% 530 1.3 

74 400-700 3 Concentration 68% 600 3 Concentration 97% 500 3 

73 500-700 3 Concentration 66.7% 700 3 Concentration 88.2% 500 3 
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Thermodynamic Equilibrium Analysis 
 

Thermodynamic equilibrium analysis of ATR has been performed at temperatures 

between 327-927 ˚C, S:C between ⅓ and 4 and O:C between 0 and 8 (Table 5). Note that 

thermodynamic equilibrium will result in complete conversion of both the glycerol and the 

O2. 

High temperature and high S:C improved conditions for hydrogen production. 

Authayanun et al.[84] reported that the H2 concentration increased from 15 to 45% as the 

temperature increased from 427 to 677 ˚C (S:C 1, O:C 0.2). This is in agreement with Yang et 

al.[85] who found that the H2 selectivity (Eq. 9) increased from 20 to 80% as the temperature 

increased from 400 to 650 ˚C (SC 1, O:C 0.8). Wang et al.[86] reported an increase in the H2 

yield (Eq. 4) from 2.5 to 5 with an increase from 427 to 727˚C (S:C 4, O:C 0.2). Wang et 

al.[86] also found that the H2 yield (Eq. 4) increased from 1.5 to 4.5 as S:C increased from ⅔ 

to 4 (O:C 0.2, 527 ˚C). 

As the O:C increased, conditions for conversion to hydrogen were made less favourable. 

Authayanun et al.[84] found that the H2 concentration was reduced from 45 to 40% as the 

O:C rose from 0.03 to 0.27 (S:C 1, 727 ˚C) while Wang et al.[86] reported that the H2 yield 

(Eq. 4) reduced from 5 to less than 1 (Eq. 1) when they increased the O:C from 0 to 3 (S:C 4, 

727 ˚C). The hydrogen selectivity (Eq. 9) was also reduced as shown by Yang et al.[85] who 

reported a shift in hydrogen selectivity from 90 to 20% as the O:C was increased from ⅓ to 2 

(S:C 1, 600 ˚C). The concentration, yield and selectivity of CO also reduced while the 

selectivity of CO2 increased. 

The impact of increased O:C can be attributed to the increased amount of oxygen which 

favour oxidation over the steam reforming reaction. The oxidation reactions resulted in fewer 

moles of H2 per mole of glycerol than the steam reforming reaction. Oxidation reactions also 

favour the formation of CO2 over CO. 

Authayanun et al.[84] studied the effect of glycerol concentration in crude glycerol using 

thermodynamic equilibrium analysis. For this study, the results from thermodynamic 

equilirium analysis of pure glycerol were compared to results from analysis of mixtures 

containing glycerol and methanol with glycerol concentrations of 40-80%. Methanol is the 

most common contaminant of crude glycerol. The H2 concentration increased with glycerol 

concentration at and above 680 ˚C. This was attributed to the higher amount of H2 produced 

per mol of glycerol compared to methanol during steam reforming. Steam reforming of 

glycerol produces 7 moles of H2 while steam reforming of methanol produces 3 moles of H2 

(Reaction 11). 

 

CH3OH + H2O → 3H2 + CO2  

Reaction 11. 

 

The adiabatic temperature increased with the concentration of oxygen.[84-86] Also, the 

adiabatic temperature was lowered with increasing S:C for a given O:C.[84,85] 

The overall heat of reaction reduced with increasing O:C (Fig. 7).[86] For 627 ˚C and 

S:C of 4 the overall heat of reaction switched from positive (endothermic) to negative 

(exothermic) at O:C of 0.12, indicating thermoneutrality. The O:C needed to achieve 

thermoneutral ATR increased with S:C (Fig. 7). 
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The adiabatic temperature increased with O:C for a given S:C. Authayanun et al.[84] 

showed how the adiabatic temperature increased from 427 to 627 ˚C as the O:C increased 

from 0.03 to 0.27 at S:C of 3. This is in agreement with Yang et al.[85] who reported an 

increase in the adiabatic temperature from 600 ˚C to 700 ˚C as the O:C was raised from 0.7 to 

0.8 when the S:C was kept at 1. The addition of oxygen brought heat to the ATR and 

subsequently the ATR became autothermal at higher temperatures with increasing amounts of 

oxygen. 

The adiabatic temperature dropped as S:C increased. It was shown that the adiabatic 

temperature reduced from 627 to 477 ˚C when S:C changed from ⅓ to 3 (O:C 0.13) and as the 

S:C increased from 2.0 to 3.4 (O:C 1.25) it was reduced from 800 ˚C to 500 ˚C.[84,85] This 

was due to the larger amount of H2O needing to be heated and the results show that thermal 

neutral conditions will be reached at higher temperatures with low S:C and low C:O. 

Carbon formation was inhibited by high temperatures, high S:C and low O:C. Yang et 

al.[85] studied the effect of temperature, S:C and O:C on carbon formation between 300 and 

800 ˚C, S:C between 0 and 1.2 and O:C between 0.7 and 1.2. They showed that an increased 

temperature resulted in reduced carbon formation for any given S:C and O:C. Increased S:C 

reduced carbon formation for any given temperature and O:C. Increased O:C increased 

carbon formation for any given temperature and S:C. The analysis showed that high 

temperatures, high S:C and high O:C reduced the amount of carbon formation. Wang et 

al.[86] reported that at 727 ˚C carbon formation was thermodynamically inhibited in the S:C 

range of ⅓-4 and the O:C range of 0-1. At temperatures between 427 and 627 ˚C carbon was 

only formed at S:C below 1⅓ and O:C above 0.6. 

 

 

Figure 7. Overall heat of reaction as a function of O:C during ATR of glycerol for S:Cs between ⅓ and 

4 and 627 ˚C.
86
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Experimental Work 
 

Experiments of ATR have been performed between 375 and 850 ˚C, S:C between 2 and 3 

and O:C between 0.3 and 1.1 (Table 5).[57,87,88] High temperatures favoured the H2 yield as 

shown by Swami and Abraham.[88] They reported an increased H2 yield (Eq. 3) from below 5 

to ca. 57% as the temperature rose from 500 to 850 ˚C (S:C 3, O:C 0.3). The results were in 

agreement with Douette et al.[57], who reported a maximum H2 yield (as defined by Equation 

3) of 3.5 ± 0.3 at 850 ˚C (S:C 2.7, O:C 0.8). Keeping the temperature at 850 ˚C and S:C at 2.7 

while increasing O:C to 1.4 reduced the H2 yield (Eq. 4) to 1.2±0.1 showing the negative 

effect of high O:C. Pereira et al. [87] carried out ATR using a glycerol/ethanol mixture 

containing 4.2 wt% glycerol and reported an H2 concentration of 45%. 

 

 

AQUEOUS PHASE REFORMING (APR) 
 

Glycerol can be converted in aqueous phase to hydrogen, for which both batch reactors 

and continuous flow can be utilised. When the pressure is the same as the saturation pressure 

of water (water in vapor phase in bubbles inside the reactor) then the WGS reaction is 

enhanced. This is discussed by Luo et al.[89] and Menezes et al.[90]. Aqueous phase reforming 

can be carried out at lower temperatures than for example autothermal reforming but require 

medium pressures to maintain water mainly as a liquid. As discussed by Ozgur and Uysal [91] 

the temperature employed for APR is more suitable for the WGS reaction which results in 

lower CO levels in the reactor off gas and higher H2 yield. 
 

 

Experimental Work 
 

Experimental work on APR has been carried out between 160 and 280 ˚C, 4 and 75 bar, 

and S:C between 0.4 and 168.7 (Table 6). Note that most experiments were performed in 

batch reactors, which dictated that the pressure increased as the temperature increased 

following constant volume transformations. Glycerol conversion increased with temperature 

and pressure while the H2 concentration reduced.[91,92] The decrease in H2 concentration was 

attributed to cracking reactions based on the fact that the concentrations of CO2 as well as the 

amount of hydrocarbons such as CH4 and ethylene in the reactor off gas also increased with 

increasing temperature.[91] 

The H2 yield increased as the temperature increased in the temperature range 225-240 ˚C 

[62] and 180-220 ˚C.[89] An increased S:C was shown to increase the reactor off gas 

production, the H2 concentration and the H2 selectivity.[90-92] Higher pressure had a 

negative impact on the APR process. Shabaker et al.[93] reported that increasing the pressure 

resulted in lower H2 selectivity (Eq. 9) and higher alkane selectivity (Eq. 11).This was in 

agreement with Wawrzetz et al.[94] who reported that the H2 production dropped while the 

production of C2 and C3 oxygenated products increased as the pressure changed from 25 to 45 

bar (225 ˚C, S:C 6.8). As discussed by Barelli et al.[95] the reforming reaction is favoured by 

low pressure since the reaction involves an increase in gas molecules. This explains the 

results reported by Shabaker et al.[93] and Wawrzetz et al.[94] since a reduced formation of H2 



 

 

 

 

 

 

 

Table 5. Summary of results from thermodynamic and experimental work on autothermal reforming. Temperatures in ˚C 

 

Reference Temperature  S:C O:C  Catalyst Best results Optimum conditions 

      Temperature  S:C O:C 

Thermodynamic equilibrium analysis 

84 327-927  ⅓-3 0.03-0.3 n/a Concentration: 61.6% 594 3 0.23 

86 427-727 ⅓-4 0-1 n/a Yield (Eq. 4): 6.5 627 4 0 

85 400-850 ½-1 ⅓-2 n/a Selectivity (Eq. 9) 110% 650 3⅓ 1 

Experimental 

87 375 2 1 Co-Ru(Na)* Concentration 45%  375 2 1 

88 550-850 3 0.3 Pd/Cu/Ni/K-γ-Al2O3 Yield (Eq. 3) 57% 850 3 0.3 

57 770-850 2-2.7 0.8-1.1 Ni 

 

Concentration 31% 

Yield (Eq. 4) 3.5±0.3 

807 

850 

2.3 

2.7 

0.3 

0.8 

*work carried on a glycerol/ethanol mixture. 
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and an increased formation of alkanes and C2 and C3 oxygenated products result in a lower 

amount of gas molecules. When using a continuous flow reactor design, a higher residence 

time had a positive impact on the the reactor off gas flow rate.[91] 

Catalyst metal particle size was found to have a positive impact on H2 selectivity and 

glycerol conversion but a negative impact on the turnover frequency (TOF, or number of 

molecules reacting per active site in unit time) of H2.[94,96] The impact of metal particle size 

on the ability of the catalyst to carry out C-C bond cleavage and dehydration reactions is 

however unclear. When using a metal such as Cu, which is known to have a low ability for C-

C bond cleavage and a high ability of dehydrogenation, the resulting glycerol conversion is 

low and the H2 concentration is high.[97] Large pore volume and pore size was found to 

increase glycerol conversion and H2 conversion rate (mol min
-1

gcatalyst
-1

).[96] Pt/Al2O3 

catalysts were prepared using different supports which resulted in different average pore sizes 

(between 3.5 and 33.6 nm) and pore volumes (between 0.43 and 1.00 cm
3 

g
-1

). The glycerol 

conversion and the H2 conversion rate (mol min
-1

gcatalyst
-1

) increased as the pore size and 

volume increased. The results were attributed to reduced transport limitations due to pore 

diffusion in the catalysts with larger pore sizes and volumes. 

Doping the catalysts with additional metals can impact the APR process in many ways. 

Addition of Sn to a Ni catalyst increased H2 selectivity and reduced alkane selectivity.[93] 

The results were attributed to the formation of Ni-Sn alloys which reduced the amount of Ni 

defect sites. As discussed by Shabaker et al.[93], Ni defect sites may facilitate dissociation of 

CO leading to CH4 formation. Also, the ability of Sn to weaken adsorption of carbide 

fragments as well as to decrease the number of adjacent Ni atoms were discussed as being 

reasons for the results. King et al.[33] manufactured Pt based catalysts supported on activated 

carbon with and without the addition of Re. The addition of Re increased the glycerol 

conversion from 5.3 to 88.7% but simultaneously reduced the H2 yield (Eq. 2) from 56.5 to 

24.5%. The addition of Re also increased the amounts of compounds found in the condensate. 

Without Re addition, only ethylene glycol and propylene glycol were identified in the 

condensate, but with Re addition, 1-propanol, 2-propanol, ethanol, methanol and a number of 

acids were found as well. The results were attributed to the acidity of oxides of rhenium 

(ReOx) which catalyzed dehydration reactions. This in turn increased glycerol conversion but 

also led to a reaction pathway that ended in the formation of additional compounds in the 

condensate instead of gas phase compounds such as H2. 

Menezes et al.[90] made Pt catalyst with different supports (Al2O3, CeO2, ZrO2 and 

MgO). The amount of basic and acid surface sites on the catalysts were determined using 

temperature controlled desorption of CO2 and n-butyl-amine where the moles of adsorbed/ 

chemisorbed CO2 and n-butyl-amine was used to quantify the amounts of basic and acid sites 

respectively. The ZrO2 supported catalyst showed the highest conversion and reaction rates 

while the MgO supported catalyst resulted in the highest H2 purity. The differences between 

the ZrO2 and the MgO supported catalysts were attributed to a higher abundance of basic sites 

on the MgO catalyst and a higher abundance of acid sites in the ZrO2 supported catalyst. As 

discussed by Menezes et al.[90] basic oxides (i.e. electron donors) promote the WGS reaction 

and suppress the formation of CH4, which explained the higher H2 purity of the reactor off 

gas during reforming with the MgO catalyst. Acid sites (i.e. electron acceptors) promoted 

dehydrogenation reactions which in the case of glycerol favoured the formation of 2 and 3 

carbon species over that of H2. This explained the higher conversion and reaction rate during 
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reforming using the ZrO2 catalyst and the lower H2 purity reactor off gas which contained 

more than 3 times the amount of C1+ species than the case of the MgO catalyst. 

With time on stream the catalyst can be either deactivated or activated depending on it 

properties. Deactivation has for example been linked to carbon formation of the catalyst.[89] 

Phase changes in the catalyst support with time on stream can have both positive and negative 

effects. Wen et al.[97] recorded changes in catalytic activity with time on stream in Pt 

catalysts with active carbon and HUSY zeolite and SAPO-11 zeolite supports. The two 

catalysts were analysed with XRD before and after APR at 230 ˚C 32 bar and S:C of 15.3 for 

220 min time on stream. The rate of H2 production (μmol min
-1

 gcatalyst
-1

) increased over time 

for the active carbon and HUSY zeolite supported catalysts but decreased for the SAPO-11 

zeolite supported catalyst. XRD analysis of the catalysts after reforming showed that new 

crystal phases had formed. 

The changes in catalytic activity with time on stream were attributed to the new crystal 

phases which either increased or suppressed the exposure of metal sites. Loss of catalyst 

activity has been attributed to oxidisation of the metal of the catalyst.[97] H2 temperature 

programmed oxidation (TPO) was carried out on Ni and Co catalysts supported on Al2O3 

before and after APR of glycerol. After reforming for 230 min, the activity of the catalysts 

had reduced significantly. H2 TPO after reforming displayed H2 consumption peaks at lower 

temperature than before reforming, indicating oxidation of the catalysts which explained the 

reduced activity during reforming. However, oxidation can be avoided by reforming at higher 

temperatures and pressures. Manfro et al.[92] carried out APR at 250 ˚C and 37.5 bar and at 

270 ˚C and 52.7 bar using a Ni catalyst supported on CeO2 and examined the catalyst before 

and after reforming using XRD. The catalyst performed better at the higher temperature and 

pressure. Glycerol conversion increased from 10 to 30% after 12 h when the temperature and 

pressure increased. The XRD analysis of the catalyst after reforming showed the formation of 

a NiO phase during reforming at the lower temperature and pressure. Formation of NiO could 

be avoided with subsequent increase in glycerol conversion by increasing the temperature and 

pressure during reforming. 

 

 

SUPERCRITICAL WATER GASIFICATION (SCWG) 
 

Supercritical water gasification also referred to as supercritical water reforming, is carried 

out in the same way as APR with the difference that the pressure is increased to the point 

where the water is at a near critical or a supercritical state. When water moves towards a 

supercritical state, the ionic product (Kw) of the water increases, i.e. the concentrations of 

H3O
+
 and OH

-
 ions are increased (Eq. 12). 

 

     OHOHKw 3  

 

Equation 12. Definition of ionic product (Kw). [H3O
+
] and [OH

-
] are molar concentrations 

of H3O
+
 and OH

-
 respectively. 



 

Table 6. Summary of work carried out on aqueous phase reforming. Temperatures in ˚C, pressures in bar 

 

Reference Temperature  S:C range Pressure Catalyst Best results Optimum conditions 

      Temperature  S:C Pressure 

91 140-280 0.3-35.2 4-75 Pt/Al2O3 Conversion (Eq. 7) 43% 

Concentration 71% 

280 

160 

32.4 

32.4 

75 

4 

92 250-270  15.3-186.7  37-52 bar Ni/CeO2* Conversion (Eq. 6) 30% 

Concentration 90% 

273 

273 

186.7 

186.7 

52 

52 

62 225-240 15.3 40 PtNi/Al2O3-

La2O3* 

Conversion (Eq. 5) 52.1% 

Yield (Eq. 4) 5.5 

240 

240 

15.3 

15.3 

40 

40 

89 180-220 15.3-32.4 11.4-25 Pt/Al2O3 Selectivity (Eq. 9) 75% 

Yield (Eq. 3) 65% 

220 

220 

32.4 

32.4 

25 

25 

97 230 15.3 32 Pt/Al2O3 

 

Ni/Al2O3 

 

Co/Al2O3 

 

Cu/Al2O3 

 

Pt/SiO2 

 

Pt/Ac 

 

Pt/MgO 

 

Pt/HUSY 

 

Pt/SAPO-11 

Conversion (Eq. 7) 18.9% 

Concentration 69.7% 

Conversion (Eq. 7) 15.8% 

Concentration 59.0% 

Conversion (Eq. 7) 21.0% 

Concentration 40.9% 

Conversion (Eq. 7) 2.0% 

Concentration 94.5% 

Conversion (Eq. 7) 10.8% 

Concentration 71.8% 

Conversion (Eq. 7) 17.2% 

Concentration 69.6% 

Conversion (Eq. 7) 13.8% 

Concentration 79.9% 

Conversion (Eq. 7) 22.0% 

Concentration 71.8% 

Conversion (Eq. 7) 13.3% 

Concentration 72.8% 

230 

230 

230 

230 

230 

230 

230 

230 

230 

230 

230 

230 

230 

230 

230 

230 

230 

230 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

32 

32 

32 

32 

32 

32 

32 

32 

32 

32 

32 

32 

32 

32 

32 

32 

32 

32 

 

 

 



 

 

 

 

 

 

 

Reference Temperature  S:C range Pressure Catalyst Best results Optimum conditions 

      Temperature  S:C Pressure 

93 225-265 32.4-168.7 25.8-56.0 NiSn/Al2O3 

 

Pt/Al2O2 

Concentration 66% 

Selectivity (Eq. 9) 81% 

Concentration 65% 

Selectivity(Eq. 9) 75% 

225 

225 

225 

225 

168.7 

168.7 

168.7 

168.7 

25.8 

29.3 

29.3 

29.3 

33 225 29 15.3 Pt/C 

 

PtRe/C** 

 

Conversion (Eq. 5) 5.3% 

Selectivity (Eq. 9) 56.5% 

Conversion (Eq. 5) 88.7% 

Selectivity (Eq. 9) 24.5% 

225 

225 

225 

225 

15.3 

15.3 

15.3 

15.3 

29 

29 

29 

29 

90 225 168.7 23 Pt/Al2O3 

 

Pt/CeO2 

 

Pt/ZrO2 

 

Pt/MgO 

Conversion (Eq. 7) 23% 

Concentration 63.3% 

Conversion (Eq. 7) 13% 

Concentration 64.3% 

Conversion (Eq. 7) 26% 

Concentration 62.7% 

Conversion (Eq. 7) 20% 

Concentration 71.9% 

225 

225 

225 

225 

225 

225 

225 

225 

168.7 

168.7 

168.7 

168.7 

168.7 

168.7 

168.7 

168.7 

23 

23 

23 

23 

23 

23 

23 

23 

*showing only the catalyst which gave the best result. 

**Showing only results from the PtRe/C catalyst which gave the best result. 

 



Roger Molinder and Valerie Dupont 32 

Thermodynamic Equilibrium Analysis 
 

Thermodynamic equilibrium analysis of supercritical water gasification/reforming has 

been carried out between 400 and 1000 ˚C, 241 and 250 bar and S:C between 1.8 and 32.4 

(Table 7).[98-101] High temperatures and S:C were beneficial for conversion to hydrogen. 

van Bennekom et al.[100] reported an increase in H2 yield (Eq. 4) from 1.0 to 5.0 as the 

temperature increased from 450 to 650 ˚C (S:C 32.4, 250 bar) (Figure 8). Simultaneously, the 

yield of CO2 increased slightly from 1.5 to 2.0 and the yield of CH4 reduced from 1.5 to 0.5 

over the same temperature range. The CO yield was below 0.2 over the whole temperature 

range. Yields of CO2, CH4 and CO were calculated by replacing H2 with CO2, CH4 or CO in 

Eq. 4. The results are in agreement with Chakinala et al.[101] who reported an increase in H2 

yield (Eq. 4) from 1.5 to 3.1 as temperature rose from 500 to 650 ˚C (S:C of 15.3, 250 bar). 

Even higher H2 yields were possible at higher temperatures as shown by Byrd et al.[102] and 

Voll et al.[98] who studied the temperature range 700-800 ˚C, at 241 bar and a S:C of 32.4. 

The H2 yield (Eq. 4) increased slightly from 6 to 6.5 as the temperature was raised from 700 

to 800 ˚C. The highest H2 yield was reported by Ortiz et al.[99] who investigated 

temperatures up to 1000 ˚C and reported a H2 yield (Eq. 3) of 100% at 850-900 ˚C (S:C 33, 

235 bar). 

Ortiz et al. [99] also investigated the effects of temperature on selectivity as well as the 

effects of S:C and pressure on H2 concentration. The selectivity to H2, CO2 and CO increased 

with temperature while the selectivity of CH4 reduced (selectivity to H2 and selectivity to 

carbon products defined according to Eqs. 9 11 respectively). The selectivity to CH4 reduced 

to zero at 900 ˚C while the selectivity to CO was below 10% over the whole temperature 

range. A maximum selectivity to H2 of 95% was reached at 850 ˚C. When the temperature 

and pressure were kept at 800 ˚C and 235 bar respectively, the H2 concentration grew from 30 

to 67% as the S:C increased from 1.8 to 33. No change in H2 concentration was reported as 

the pressure increased from 202.7 to 304 bar. 

 

 
Figure 8. Calculated yield at equilibrium of H2, CO2, CO and CH4 for a 5 wt% glycerol-water feed 

solution at 250 bar.
100
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Experimental Work 
 

Supercritical water gasification/reforming has been investigated experimentally between 

300 and 800 ˚C, 85 and 450 bar, and for S:C between 9.3 and 168.7 (Table 7).[101-107] Both 

batch reactors and continuous flow reactors were used. 

High temperature and high S:C were beneficial. Xu et al.[104] for example showed that 

the H2 concentration increased from 45 to 60% and the H2 yield (Eq. 4) increased from 1.5 to 

5.1 as the temperature rose from 380 to 500 ˚C. Chakinala et al.[101] found that the H2 yield 

(Eq. 4) increased from 1.0 to 2.6 from 550 to 650 ˚C (S:C 15.3, 250 bar). Byrd et al.[102] 

reported that the H2 yield (Eq. 4) increased from 5.1 to 6.5 between 700 and 800 ˚C (S:C 

32.4, 241 bar). Byrd et al.[102] also investigated the effect of S:C at 800 ˚C and 241 bar. As 

the S:C increased from 2.6 to 32.4 the H2 yield (Eq. 4) grew from 2.5 to 6.5. 

Chakinala et al.[101] reported that the CO and CO2 yields was higher and lower 

respectively than expected from the thermodynamic equilibrium analysis in the temperature 

range 550-650 ˚C. This could be attributed to the WGS reaction not reaching thermodynamic 

equilibrium during the experiment. However, Chakinala et al.[101] also carried out 

supercritical water reforming in the presence of a K2CO3 reagent under the same conditions 

and found that the H2 yield increased slightly while significantly reducing the yield of CO and 

increasing the yield of CO2 thus improving the agreement between the experimental results 

and the thermodynamic equilibrium analysis. Onwudili and Williams[107] carried out 

aqueous reforming at 380 ˚C and 215 bar with the addition of the reagent NaOH in 

concentrations between 0.5 and 3.0 mol/L. As the concentration of NaOH increased the gas 

production and the H2 concentration increased. The H2 concentration reached a maximum of 

90 % compared to 8.89% without the addition of NaOH. The results were attributed to the 

formation of NaCO3 which removed CO2 and shifted the WGS reaction towards the 

formation of H2 through Chatelier‘s principle. This subsequently increased glycerol 

decomposition. Xu et al.[104] tried adding NaCO3 in their glycerol/water solution but this had 

a negative impact. 

Similarly differing results have been reported with regard to the effect of catalysts. May 

et al[106] investigated the gasification of glycerol in supercritical water with and without a 

Ru/ZrO2 catalyst with 350 bar, S:C of 32.4 at 510 and 550 ˚C. Without catalyst, the highest 

H2 yield (Eq. 3) was 30 at 550 ˚C. With catalyst, the highest H2 selectivity was 55 at 510 ˚C. 

The results showed that the catalyst could increase the H2 selectivity and a lower temperature 

could be used to reach maximum H2 yield. However Xu et al.[105] found no effect on the 

reactor on the H2 yield when adding a catalyst. They carried out gasification at 600 ˚C, 345 

bar and S:C 9.3:1 with and without an activated carbon catalyst. The H2 yield (Eq. 4) was 

3.15-3.51 in both conditions. 

The effect of pressure was shown by Buhler et al.[103] who kept the temperature at 394 

˚C and changed the pressure from 250 to 450 bar while quantifying the resulting liquid 

products using gas chromatography. The yield (as defined by Eq. 13) of acetaldehyde and 

formaldehyde increased with pressure while the yield of methanol and allyl alcohol reduced 

(Figure 9). This was attributed to the increased ionic product of the water caused by the 

increased pressure. A higher ionic product results in a higher level of ionic intermediates 

which promote ionic reactions. Acetaldehyde and formaldehyde are formed from ionic 

reactions while methanol and allyl alcohol are formed from free radical reactions which are 

inhibited at lower pressures as a result of the cage effect. 



 

Table 7. Summary of thermodynamic equilibrium analysis and experimental work on supercritical water gasification of glycerol. 

Temperatures in ˚C, pressures in bar 

 

Reference Temperature  S:C  Pressures Catalyst Best result Optimum conditions 

      Temperature  S:C Pressure 

Thermodynamic equilibrium analysis 

98 702-802 2.6-41  241 n/a Yield (Eq. 4) 6.5 802 41 241 

100 450-650 6.8-32.4 250 n/a Yield (Eq. 4) 5.0 650 32.4 250 

99 400-1000 1.8-33 202.7-304  n/a Concentration 70%  

Yield (Eq. 3) 100%  

Selectivity( Eq. 9) 95%  

800 

850 

850 

33 

33 

33 

235 

235 

235 

101 550-650 15.3 250 n/a Yield (Eq. 4) 3.1 650 15.3 250  

Experimental 

104 380-500 168.7 250  

 

None 

 

NaCO3 

Concentration 60% 

Yield (Eq. 4) 5.1 

Concentration 65% 

Yield (Eq. 4) 3 

500 

500 

410 

410 

168.7 

168.7 

168.7 

168.7 

250  

250 

250 

250 

101 550-650 15.3 250  

 

K2CO3 Concentration 55% 

Yield (Eq. 4) 2.69 

600 

600 

15.3 

15.3 

250 

250 

102 700-800 2.6-32.4 241 

 

Ru/Al2O3 Concentration 70% 

Yield (Eq. 4) 6.5 

800 

800 

32.4 

32.4 

241 

241 

106 510-550 32.4 350 

 

Ru/ZrO2 Conversion (Eq. 5) 100% 

Concentration 45% 

Yield (Eq. 3) 55% 

550 

510 

510 

32.4 

32.4 

32.4 

350 

350 

350 

105 600 9.3 345 

 

None 

AC 

Yield (Eq. 3) 3.51 

Yield (Eq. 3) 3.15 

600 

600 

9.3 

9.3 

345 

345 

107 380-450 2.3 81-310 NaOH Concentration 90% 380  2.3 215 
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produced compounds all of moles

produced  of moles
 of yield


  

 

Equation 13. Definition of yield used by Buhler et al.
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Figure 9. Relative yields as a function of pressure at 667 K.
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THERMAL DECOMPOSITION 
 

Thermal decomposition of glycerol (also called gasification) involves heating glycerol 

with a gasification agent in order to produce a syngas (a mixture of H2 and CO as the main 

components). The aim of gasification is commonly to create a syngas that can be used for the 

manufacture of other synthetic fuels such as methanol or dimethyl ether (DME). The 

manufacture of these products is made possible by the different H2:CO ratios required for 

different products. Therefore, the H2:CO ratio is an important factor in thermal decomposition 

and will be considered here instead of the amount of H2 in the reactor off gas or the H2 yield. 

Air and oxygen can be used as gasification agents, as the input of O2 achieves oxidation 

exothermically and can help sustain the endothermic reactions of thermal decomposition. The 

moisture content of crude glycerol has also been used as a gasification agent. During thermal 

decomposition both cracking and combustion reactions are possible as well as decomposition 

and partial oxidation reactions. 

Glycerol thermal decomposition has been found to increase with temperature and with 

growing amounts of gasification agent.[108-110] Yoon et al.[108] for example carried out 

thermal decomposition of crude glycerol (60% glycerol) at 1 bar using air as well as oxygen 

as gasification agents and changed the excess air ratio from 0.17 to 0.7. The excess air ratio 

was defined as ―the ratio of the amount of oxygen supplied to the stoichiometric amount of 

oxygen required for complete combustion of fuel‖. Note that the temperature increased as the 
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excess air ratio increased and consequently the temperature increased from 950 to 1050 ˚C in 

the case of air and from 1200 to 1500 ˚C in the case of oxygen, as the excess air ratio 

increased from 0.17 to 0.32 and from 0.4 to 0.7, respectively. Using air the reactor off gas 

contained around 24% H2, and 19% CO over the whole excess air ratio range. The conversion 

(Eq. 7) increased from 57 to 80%. The results showed that a higher conversion of the crude 

glycerol was achieved when more air was added, but since the air diluted the reactor off gas, 

the concentrations of H2 and CO did not change. Using oxygen the concentrations of H2 and 

CO were both around 40% while the amount of CO2 was around 10%. As the excess air ratio 

increased above 0.6 (and the temperature reached above 1400 ˚C) the H2 and O2 

concentrations reduced and increased respectively. The results were attributed to a switch 

from thermal decomposition to combustion (Reaction 10) which results in the formation of 

CO2 and H2O from glycerol. This explained the reduction in H2 and the increase in CO2. 

Atong et al.[109,110] carried out thermal decomposition of crude glycerol (moisture 

content 13.6%) at 1 bar using the moisture in the crude as a gasification agent at temperatures 

between 500 and 800 ˚C using a LaNiO3 perovskite catalyst [109] and a Ni catalyst supported 

on olivine.[110] As temperature increased the gas yield (Eq. 14) improved and reached a 

maximum of 78 (perovskite catalyss and 90% (Ni/Olivine catalysts) at 700 ˚C. However in 

both cases the H2:CO reduced as the temperature increased and was 1 or below at 

temperatures above 700 ˚C. There was a trade off between high H2:CO ratio and gas yield 

(i.e. amount of gas reactor off gas produced). 

 

(kg)  suppliedglycerol crude of mass

)(Nm gas of volume
yield Gas

3

  

 

Equation 14. Definition of gas yield used by Atong et al.[109,110] 

 

The H2:CO ratio increased with increasing temperature between 500 and 600 ˚C but 

reduced with a further increase in temperature (Table 8). This meant that at higher 

temperatures there is a trade off between gasification and H2:CO ratio. 

Fernandez et al.[58], Fernandez and Menendez [111] and Fernandez et al.[53] carried out 

thermal decomposition of glycerol using activated carbon (AC) as a catalyst using both 

electrical and microwave heating. Fernandez et al.[58] investigated the effect of AC by 

comparing the results from experiments carried out with and without AC at 1 bar and 800 ˚C. 

Without AC the H2 concentration was 22.6% but by adding AC the concentration increased to 

28.9-30.1%. The CO concentration reduced from 51.7% without AC to 43.5-48.7% in the 

presence of AC causing the H2:CO ratio to increase from 0.4 to 0.6-0.7. The results were in 

agreement with Fernandez et al.[53] who reported H2 and CO concentrations of 28.9 and 

48.8% respectively with a H2:CO ratio of 0.6 under the same conditions in the presence of 

AC. The results were attributed to the ability of the AC to catalyse the formation of H2 and C 

from CxHy hydrocarbon such as CH4 (Reaction 8).  

Fernandez et al.[58] also carried out gasification at 1 bar and 800 ˚C using AC with 

microwave heating. The results were compared to gasification carried out under the same 

conditions using electrical heating. The H2 concentration increased from 28.9-30.1% to 33.2-

34.6% with microwave heating compared to electrical heating. The results were in agreement 

with Fernandez and Menendez [111] who performed gasification using both electrical and 
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microwave heating at 1 bar and temperatures between 600 and 800 ˚C using AC. As the 

temperature increased from 600 to 800 ˚C, the H2:CO ratio rose from 0.2 to 0.6 with electrical 

heating and from 0.4 to 0.8 with microwave heating. The results were attributed to the 

difference in the temperature gradient inside the reactor between the microwave heated and 

the electrical heated setups. Microwave heating causes the AC to transfer heat from the centre 

of the reactor outwards while electrical heating transfers heat from outside the reactor inwards 

toward the AC. 

Fernandez and Menendez [111] measured the power needed to keep the activated carbon 

(AC) at temperatures of 700-900 ˚C using electrical and microwave heating. They found that 

less power was needed when microwave heating was used. For example, to keep the 

temperature at 700 ˚C, the power needed with electrical heating was 10 W g AC
-1

 but 5 W g AC
-

1
 with microwave heating. This is in agreement with Hawangchu et al.[112] who reported that 

5.5 W gSiC
-1

 was needed to heat a bed of SiC to 700 ˚C in a microwave heated quartz reactor. 

 

Table 8. Summary of work on thermal decomposition. Temperatures in ˚C 

 

Reference Temperature  Catalyst 

Gasification 

agent 

Highest 

H2:CO 

Temperature for 

highest H2:CO 
108 950-1500 none Air 

oxygen 

1.25 

1 

950 

1200 
109 500-800 LaNiO3 perovskite moisture 4.5 500 
110 500-800 Ni/Olivine moisture 8 600 
58 800 AC moisture 0.7 800 
53 800 AC moisture 0.6 800 
111 600-800 AC moisture 0.8 800 

 

 

CONCLUSION 
 

Steam reforming (SR) is a well understood method and is the most common route to H2 

production today using natural gas and naphtha as the main feedstocks. Steam reforming of 

glycerol is therefore likely to be used initially for H2 production from glycerol on a large 

scale. However, steam reforming is limited with regard to the H2 concentration it can achieve, 

which is 70% under thermodynamic equilibrium (Table 1). This means that downstream 

processing systems such as WGS reactors to enhance conversion, and pressure swing 

adsorption to achieve a product of high purity, are needed to achieve a H2 gas for use in a fuel 

cell electric vehicle (FCEV). 

Sorption enhanced steam reforming (SESR) can produce high purity H2 gas which means 

that the number of process steps are reduced compared to conventional steam reforming, but 

the process can only be carried out for a limited amount of time before the CO2 sorbent is 

saturated and regenerating the sorbent involves an energy penalty.[73-75] One possible 

solution is to couple sorption enhanced steam reforming with chemical looping, which uses 

an air flow to oxidise an oxygen transfer material, and uses the heat from the oxidation to 

regenerate the sorbent as well as providing the heat for the steam reforming reaction.[113] 

Advantages of coupling with chemical looping include avoiding reliance on external burners 

as the heat generators for either the reformer or the sorbent calciner, allowing the use of 
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cheaper and longer lived reactor materials, and thus become economical at smaller scales, 

generating H2 closer to the point of use. The loss in sorbent capture capacity due to sintering 

presents another energy penalty. CO2 sorbent materials with low susceptibility towards 

sintering would reduce the need to continuously add fresh sorbent to the reformer and work 

has been carried out in this field.[83] Means of reversing the effects of sintering have also 

been proposed.[82] 

Autothermal reforming (ATR) reduces the energy need of the H2 production process by 

allowing for the thermoneutral condition.[86] However, this reduced penalty is offset by both 

reduced H2 yield and concentration during ATR. With ATR, in addition to requiring 

expensive pure oxygen as reactant, downstream purification systems would still be 

needed.[84] 

Aqueous phase reforming (APR) allows H2 to be produced at lower temperatures than SR 

and hence also presents an alternative with a reduced energy need. However the process 

requires large amounts of clean water which is evident from the high S:C used (Table 6). The 

process also requires a higher pressure than SR, SESR and ATR which results in an energy 

penalty and reduced H2 production. Reforming in aqueous phase also favour the formation of 

water soluble 2 and 3 carbon species, which reduces selectivity to H2 and presents 

optimisation and purification challenges. 

Supercritical water gasification (SCWG) of glycerol operates at high temperatures and 

pressures and involves a highly reactive environment. The high pressures involved present 

challenges regarding safety. Note that the best result with regard to H2 purity was achieved 

when a batch process was used (Table 7).[107] The reactive environment created during 

SCWG causes corrosion on reactors and other equipment which could be addressed through 

improvements in reactor materials development unlikely to be low-cost. SCWG is the most 

novel of the conversion methods for H2 production reviewed in this chapter and at presents it 

is far from commercialisation. 

Thermal decomposition is not aimed at producing a high purity H2 gas for use in FCEV 

but rather at producing a syngas with a favourable H2:CO ratio. It presents an alternative use 

for glycerol as a raw material for other chemicals such as methanol, DME, and non-

oxygenated biofuels through further processing. The work on thermal decomposition using 

microwave heating suggests that the energy penalty for heating can be reduced with 

alternative heating methods.[53,58,111] Little explored areas of research include the effects 

of non glycerol compounds from the crude glycerol waste from biodiesel production plants on 

the processes reviewed and the degree and type of pretreatment of crude glycerol required for 

an efficient and economical process of conversion to hydrogen. 
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