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Abstract  
Today’s problems with emissions of green house gases, land filling of waste and depletion of 
the oil reserves calls for new energy systems based on alternative fuels like biomass and 
waste. Gasification is an attractive technology for the use of such solid fuels. Conventional 
gasification, in the vast majority of cases, uses in-reactor heat release from combustion of part 
of the feedstock, possibly coupled with a limited preheating of the agent, to obtain the 
necessary temperatures in the gasifier bed. During recent years, a new gasification 
technology, using highly preheated gasification agents (> 1273 K), has been developed. The 
extra heat brought into the process by the high temperature agent reduces the amount of 
feedstock that has to be oxidized to supply the necessary heat and the use of highly preheated 
agents has previously proven to have several positive effects on the fuel gas quality.     

In difference to the previous work on gasification with highly preheated agents, this thesis 
primarily focuses on the fundamental aspects namely, mass conversion, heating and ignition. 
It starts by considering single fuel particles or thin beds of fuel particles inserted into highly 
preheated agents. Mass conversion, heating and ignition are reported in function of the 
temperature and oxygen concentration of the agent and formulas for the prediction of ignition 
time and ignition mechanism are developed. The perspective is then widened to include the 
whole gasifier bed. Simulations of fixed bed batch gasification using highly preheated agents 
are performed with a mathematical model and used to study how the high agent temperature 
influences the mass conversion, devolatilisation front rate and the temperature distribution in 
the fixed fuel bed. Further, the gas quality and gasification efficiency are studied by means of 
large scale experiment. Ultimately, a thermodynamic analysis of the whole autothermal 
gasification system, including both a regenerative preheating system and the gasifier, is made.  

The particle study reports results from experiments with wood and coal and agents consisting 
of mixtures of nitrogen and oxygen in various proportions. It is shown that an increase in 
agent temperature from 873 K to 1273 K make the conversion process faster, mostly due to an 
early onset of the devolatilisation (fast drying) but also due to an increased devolatilisation 
rate (at least in the case of wood). The time to ignition also decreases significantly, 
particularly so between 873 and 1073 K. Further, it is shown that the higher the agent 
temperature, the more pronounced was also the tendency of the coal particles to heat 
significantly faster in oxygen diluted conditions (5,10 and 21% oxygen) than in inert (0% 
oxygen) or oxygen rich conditions (30, 50, 80 and 100% oxygen). An increase in agent 
temperature is also shown to reduce the dependency of the process on the oxygen 
concentration, at least in diluted conditions (5-21% oxygen). The results also indicate that for 
coal an increase in the oxygen concentration, specifically in the region above the atmospheric 
concentration, leads to a decreased dependency on the agent temperature. It is finally shown 
in the experiments with agent temperatures of 1073 and 1273 K that a flame is promptly 
formed even in very low concentrations of oxygen.  

The gasifier study reports results from simulation of batch air gasification and experiments in 
both batch and continuous up-draft fixed bed gasifier with wood and waste derived fuel and 
air and mixtures of air and steam. It is shown that the conversion process is faster the higher 
the air temperature. In particular somewhere between air temperatures of 623 K and 803 K the 
process behaviour changes. In fact, the devolatilisation rate is significantly increased in this 
region while it increases less sharply with air temperature below and above this temperature 
window. The temperature distribution in the bed shows less sharp gradients at high 
temperature (> 803 K) than at low temperatures (< 623 K). It is also showed experimentally 
and in fairly large scale that the use of highly preheated air for the gasification of biomass and 
waste derived fuels can produce - in continuous mode – relatively high yields of product 
syngas with relatively high fractions of combustible gases and probably also low content of 
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tar. The efficiency of the gasification under these conditions, even when the extra heat input 
in the preheated agent is considered in the computation of the gasification efficiency, is shown 
to be comparable to that of conventional gasification techniques. The results also shows that 
with the use of steam in the agent, the content of hydrogen can be further increased with 
respect to gasification with only preheated air.  

In base of the results of the particle study and the gasifier study it is shown that a there exists 
two regimes of operation in function of the agent temperature, separated by the minimum 
agent temperature to guarantee spontaneous ignition regardless of the particle temperature. 
The value of this temperature depend on material properties and the kinetics of the reaction, 
thus also on the oxygen concentration. When agent temperatures below the minimum agent 
temperature to guarantee spontaneous ignition regardless of the particle temperature are used, 
the drying and devolatilisation are mainly controlled by the heat released by reactions. The 
heating of the fuel particles and their devolatilisation are relatively slow and the 
devolatilisation rate is highly oxygen dependent. In a fixed bed, the devolatilisation front rate 
is low and the bed is characterised by significant temperature gradients.       

When the agent temperature is higher than the minimum agent temperature to guarantee 
spontaneous ignition regardless of the particle temperature, the drying and devolatilisation are 
mainly controlled by the convective heat transfer from the preheated agent and the released 
volatiles ignite very fast even in diluted conditions. This results in very efficient heat transfer 
to the fuel particles. In the fixed fuel bed the process is characterized by a high 
devolatilisation front rate. Thus, the temperature gradients in the bed are significantly reduced 
and the gasification can be said to be thermally homogeneous. Thanks to high rates of heat 
transfer and mass conversion, the heating value of the dry produced syngas is high with high 
concentrations of combustible species. The ignition of the volatiles and the high temperatures 
all along the bed presumably contributes to the reduction of the tar content even in up-draft 
configurations.  The high temperatures also allows for operation with reduced air – to – fuel 
ratios which further increased the value of the produced gas (thanks to less dilution by 
nitrogen).  

The system study presents a concept for an autothermal system including both preheating and 
gasification. Results from a thermodynamic analysis of such a system are reported. 
Autothermal operation of a thermally homogeneous gasifier is possible only in a twin 
component system in which the gasifier is coupled to a preheating system able to reach 
preheating temperatures well above the minimum agent temperature to guarantee spontaneous 
ignition regardless of the particle temperature. It is shown that to reach certain temperature 
levels of the gasification air, heat exchange between product gas and air is not enough and the 
preheating system has to improve the temperatures involved, for example by burning part of 
the produced gas in a regenerative preheater. Further, it is shown that in comparison to 
gasifier without such a system for additional preheating, the autothermal Thermally 
Homogeneous Gasification system has the ability to significantly improve the gas quality (in 
terms of heating value of the dry gas) without losing energy- or exergy efficiency to an 
appreciable extent.  
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1 Introduction 

1.1 Background  
The emission of green-house gases, believed to be responsible for 0.75 degree Celsius 
increase in temperature with respect to the level 1860-1900, is one of the most challenging 
environmental problems of our time. Even though relatively weak compared to other green 
house gases, carbon dioxide is by far the most problematic one, due to its unavoidable 
formation in the use of chemical energy from carbon based feedstocks, in particular those 
from fossil sources, which, in 2007, constituted 80% of the global energy supply [1]. EU has 
very ambitious goals regarding the emissions of green house gases and use or renewable 
energy sources. According to the EU energy policy, the greenhouse gases should be reduced 
by 20% while the share of renewable energy and the energy efficiency should be increased by 
20% compared to the 1990.  

Even though Sweden is allowed to increase the emissions of carbon dioxide with 4% to 2012 
with respect to 1990 level according to the agreement in EU, the ambition is to decrease the 
emissions with 4% within the same period. Until 2050 the energy use in buildings, which 
today amounts to around 150 TWh, should be decreased by half and the use of fossil fuels 
should be completely phased out from this sector [2]. Further, an additional amount of 17 
TWh electricity from renewable sources compared to 2002 level should be obtained by 2016 
[2].  

Even though carbon based, biomass is a renewable and (more or less) climate-neutral fuel that 
is likely to be one of the more important alternative sources of energy in the near future. 
Sweden is rich in biomass: Studies of the biomass potential in a longer perspective indicate a 
potential of not less than 76-87 TWh/year of woody fuels [3]. Additionally there is the 
cultivation of energy crops which has been estimated to a potential of 50-60 TWh/year [3]. In 
fact, the Swedish Energy Agency prognoses that 135-145 TWh (depending on scenario) of the 
national fuel supply in 2020 will be biomass derived fuel [4], thus a quantity more or less 
corresponding to the estimated biomass potential. 

Another potential source of energy is waste. Although waste is, strictly speaking, neither 
climate neutral nor renewable, the use of waste as source of energy addresses another 
important problem of the modern society: Excessive landfilling. In fact, the European 
Disposal Site Directive 1999/31/EEC (landfilling) states that the disposal of biologically 
decomposable wastes within 15 years should be reduced by 35% with respect to 1995. An 
additional benefit of waste as energy source is that it is domestic, thus its use may help to 
decrease the dependency on imported fuels. The potential of municipal solid waste as an 
energy resource in Sweden has been estimated to 16 TWh/year [5]. 

Even though coal is a fossil fuel, and thereby neither a climate neutral nor a renewable option 
for the replacement of oil, it may play an important role in the coming years of transition from 
fossil fuel based industrial societies to alternative ones, based on renewable sources. The 
reason is that the coal reserves are likely to be utilizable at a reasonable cost for a long period 
of time after the so called “peaking” of the oil reserves. Combined with new technologies for 
sequestration and storage of carbon dioxide, the use of coal may also become defendable from 
a climate perspective.   

Through gasification, solid fuel reserves like biomass, waste and coal becomes utilizable in 
gas applications. Such applications include chemical synthesis, small scale electricity 
production in motors or turbines (close to the source) and combustion in industrial furnaces. 
The produced syngas may also be mixed with natural gas and distributed in a natural gas grid, 
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a possibility that has been investigated by Svenskt Gastekniskt Centrum [6]. Because the 
product syngas from gasification is diluted compared to conventional fuels, the use of it 
requires new technical solutions. An investigated possibility to speed up the introduction of 
these diluted fuels is to blend it with LPG or natural gas in suitable proportions for 
combustion in burners [7] and turbines [8]. As an example of the potential in an industrial 
application, product syngas from gasification of biomass could probably within a relatively 
short time scale replace 10% of the LPG in Swedish steel-industry corresponding to a yearly 
0.2 TWh [9].   

Adopting gasification, an additional conversion step is inserted between the energy source and 
the final application with respect to direct combustion. Thus, the efficiency of the gasification 
step and the quality of the produced syngas is crucial to the performance of the energy system 
as a whole, and ultimately, to the effectiveness with which alternative energy resources are 
used.   

1.2 Thermally homogeneous gasification – a new gasification 
technology 

The thermal gasification of solid fuels includes highly endothermic chemical reactions. Heat 
is thus needed to push the equilibrium of the endothermic reactions towards the energy rich 
products and to sustain necessary temperatures for these reactions to occur at a high rate. The 
methods for supplying the required heat include: a) Heat release from oxidization of a part of 
the feedstock (incoming carbonaceous materials), b) Heat release by exothermic reactions of a 
non-carbonaceous material such as calcined lime and CO2 and c) Heat release from an outside 
source, e.g. hot char recirculation, and/or sensible heat from a preheated gasification agent. 

The technology of partial combustion of incoming carbonaceous materials is widely adopted. 
By the technology, non combustible carbon dioxide is produced and (unless it is removed) it 
adds to the produced syngas and dilutes it. The concept is shown in Figure 1a. The calorific 
value, a measure for the burning value of the dry product syngas, thus becomes relatively low. 
Moreover, the presence of larger quantities of carbon dioxide leads to a reduction of the 
partial pressure of other gas species, which is unfavourable for other valuable gasification 
reactions that produces hydrogen, for example the water-gas shift reaction. As a result, the 
hydrogen content in the product gas will be affected.  

An alternative configuration, shown in Figure 1b, supplies heat not only by in-reactor 
oxidation but also via a highly preheated agent (> 1273 K). The input of sensible heat, reduces 
the carbon dioxide produced in the reactor. This leads to a higher energy value of the dry 
product syngas. The high temperatures of the agent can be achieved in several ways. For 
example, part of the produced gas can be used in a regenerative preheater, as exemplified in 
the figure. It has, as will be further discussed in the literature review, previously been 
demonstrated that the preheating of the gasification agent to high temperatures has many 
positive effects on the process performance such as increased heating value of the dry product 
syngas, increased gasification efficiency and decreased contamination by tar. As will be 
demonstrated in this thesis, the use of high temperatures of the gasification agent also has 
additional benefits in the gasification process. For example, an important feature of this 
technology is a relatively homogenous temperature profile of the fixed bed. A suitable name 
for the technology is therefore Thermally Homogeneous Gasification, a name that has been 
used in the thesis title and will be used through the text. This new gasification technology is 
the subject of this thesis. 
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Figure 1. Comparison of two different concepts for gasification. a) Gasification without preheating the 
agent (Conventional ) b) Gasification with highly preheated agent (Thermally Homogeneous). 

 

In Figure  2 between Thermally Homogeneous Gasification and other gasification and 
combustion techniques is presented. The idea for the development of a gasification process 
using highly preheated agents originates from experiences from new combustion technologies 
known as Flameless oxidation [10], High Temperature Air Combustion (HiTAC) [11-22], and 
MILD Combustion [23-24]. This new generation of burners is based on reduced oxygen 
concentration in the reaction zone in combination with high preheating temperatures of the 
combustion air (> 1273 K) to stabilize the combustion and have proven to spread the 
combustion over a larger volume, to decrease peak temperatures, increase heat fluxes and 
increase the energy efficiency. Though these are aspects that are highly relevant in 
gasification, the natural step has been to investigate the use of highly preheated agents also for 
gasification.  

There are several examples in the literature of where gasification has been performed with 
moderately preheated agents in order to improve the efficiency of the gasification process. 
The use of highly preheated agents is however a more recent area of research. Never the less, 
important progress has been made by several research groups. At KTH/Energy and Furnace 
Technology, the use of high temperature air and steam (in mixture or separately) for the 
gasification of solid fuels has been studied since 2002 [25-35]. The experiments have been 
performed in experimental facilities based on honey comb type regenerative preheaters 
developed by Nippon Furnace Kogyo Kaisha Ltd (NFK) [36]. Other groups have focused 
mainly on the use of high temperature steam. The group of prof. Swithenbank [37-38] has 
performed experiments with gasification using highly preheated steam produced by a H2-O2 
burner. The same strategy has been used by the research group of prof. Gupta [39-41]. Highly 
preheated steam produced by a rotary type of regenerator for reforming and gasification of 
biomass and waste have been used in pilot plant experiments by the research group of prof. 
Yoshikawa [42-47].  
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Figure  2. The relation between Thermally Homogeneous Gasification and other gasification and 
combustion techniques.  

 

1.3 Delimitation of the area of investigation  
Previous work on the use of highly preheated agents in gasification, which will be reviewed in 
detailed in the following chapter, has primarily taken an input-output perspective, aiming to 
prove the ability of the technology to produce high quality syngas. This has been done mainly 
in large experimental reactors [25-33], in at least one case supported by modelling [34]. The 
results have been promising, proving the positive effect of an increased agent temperature on 
the dry heating values and cleanness (in terms of tar) of the produced gas. Additionally, 
important experiments and thermodynamic modelling of gasification with super preheated 
steam as gasifying agent [37-41] and some important system studies [35, 42-47] have been 
performed. So far, however, little attention has been paid to the effects of the high agent 
temperatures (> 873 K) on the conversion process on a single particle and in-bed level. Partly, 
this is due to the relatively large scale used in the majority of the previously performed 
experiments. Neither has the impact of increased agent temperature on the thermodynamics a 
system including both preheater and gasifier been throughroughly investigated.  

In difference to the previous work, this thesis takes the primary focus on the some of the 
important fundamental aspects of gasification of solid fuels with use of highly preheated 
agents. Therefore, it starts by considering the mass conversion, heating and ignition of a 
single fuel particles or thin beds of fuel particles inserted into highly preheated agents of 
various temperature and composition. From there, the perspective is widened to include the 
fixed bed gasifier as a whole, and ultimately the effect of the high agent temperature on the 
produced gas quality and system energy- and exergy efficiency. Thus, the content of this 
thesis could be divided into three main categories which are listed below and schematically 
presented in Figure 3. 
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• A particle study 

that includes experimental studies with single particles or thin beds of particles 
inserted into high temperature agents with varying oxygen concentration. The 
main focus is on mass conversion, heating and ignition. The studies also include 
the development and validation of formulas for prediction of ignition time and 
ignition mechanism. 

• A gasifier study  

that includes simulation of the fixed bed batch gasification using highly preheated 
agent (air) via a mathematical model focusing on the thermally homogenous fixed 
bed, most importantly mass conversion, devolatilisation front rate and in-bed 
temperature distribution. The study also include experimental results from batch 
and continuous fixed bed gasification with high temperature agents (air and 
mixtures of air and steam) to demonstrate the features of thermally homogeneous 
gasification in terms of product syngas quality and gasification efficiency. 

• A system study 

that presents an autothermal concept for thermally homogenous gasification for 
which a thermodynamic analysis of the global energy and exergy economy is 
performed.  
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Agent
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Mass conversion (experimental)
Heating (experimental)
Ignition (experimental, developm. of model)

Gasifier study
Mass conversion (numerical simulation)
Devolatilisation front rate (numerical simulation)
Temperature profiles (numerical simulations)
Product gas quality and gasification efficienty (experiments)

System study
Concept for autothermal system for thermally homogeneous gasification
Energy analysis of the system (theoretical analysis)
Exergy analysis of the system (theoretical analysis)

Study of Thermally Homogeneous Gasification

 
Figure 3. The delimitation of the area of investigation in this thesis. 
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2 Literature review 
Particularly from the 1970ties and on, gasification of solid fuels has gained a lot of attention 
by scientist. A number of technologies have been proposed and investigated alongside with 
fundamental studies of solid fuel conversion of a large quantity of different fuels (for example 
in TGA equipment). The literature on the subject of solid fuel gasification is by now very 
vast. As described in the introduction, the idea of using highly preheated agents in gasification 
emerged in the beginning of the twenty-first century as highly efficient regenerative preheater 
were developed. A new field of research was opened and several studies has since then been 
performed on the subject.  

This literature review aims to report previous progress in the research on thermochemical 
conversion of solid fuels with particular relevance to the area of investigation defined 
previously. It will do so by focusing on research performed with similar variables, either 
observed outputs (namely mass conversion, heating and ignition of solid fuel particles in high 
temperature environment and mass conversion, temperature distribution and reaction fronts in 
fixed beds) or investigated inputs (namely temperature and composition of the gasification 
agent in the high temperature region).    

The variation of fuel mass during thermochemical conversion of single or few solid fuel 
particles have been extensively studied for a large variety of fuels in TGA equipment. There 
are however also several studies where the fuel particles are inserted in hot environments, for 
example Kuo and Hsi [48], Yang et al. [49] and Marsh et al. [50].  

Kuo and Hsi [48] studied the effect of air temperature on the conversion of wooden spheres 
immersed in streams of hot air. They showed that a temperature increase from 773 to 873 K 
of the air resulted in a significantly faster mass loss and heating of the sample prior to 
ignition. They also showed that the increase in heating rate was more evident in the outer 
layers of the pellet than inside the pellet. 

Yang et al. [49] reported the temperature at different radial positions in a fuel particle as 
function of time for wood of thickness varying from 5.5 to18 mm heated at a constant heat 
flux. They found that the wood particle could be considered semi-infinite only during the 
initial part of the devolatilisation.   

Marsh et al. [50] measured the temperature inside fuel pellets (RDF, paper, wood and coal) of 
different diameter when inserted into nitrogen in a furnace at 1073 K. They showed that the 
rate at which a pellet heats depends on the type and amount of volatiles in the fuel and pellet 
diameter. For larger particles (30-50 mm), evaporation of moisture, devolatilisation and 
heating of the char was separable processes on the heating curve while these processes were 
hard to separate for smaller particles. They also showed that the time required for moisture 
evaporation is particularly dependent on pellet diameter for wood.  

Similar studies carried out in agents preheated to temperatures above 1073 K are harder to 
find. Some results on burn out for combustion experiments in high temperature agents have 
been presented by Suda et. al.  [22]. They reported improved burnout for the combustion of 
pulverized coal as a result of increased air temperature. Additionally, they evidenced that high 
temperature of the agent increased the similarity between different coal qualities.  

Still, however, investigations on mass conversion heating of larger solid fuel particles during 
thermochemical conversion in highly preheated agents (> 873 K) have not been performed.  

Although usually associated with combustion processes, ignition is a crucial issue in the study 
of any thermochemical process where oxygen is involved. In fact, Di Blasi [51] argues that 
primary devolatilisation and gas phase combustion play a key role in the stabilisation of the 
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reaction front in fixed bed gasification. Ignition of solid fuels, and in particular coal, has been 
intensively studied for a long time. A theory on flaming ignition, i.e the on-set of combustion 
of volatiles, was presented as early as 1845 by Faraday [52]. Since then, also heterogeneous 
ignition of both non devolatilised fuel and char (created by the devolatilisation occurring 
without ignition of the formed volatiles) has been recognized as mechanisms for both coal 
[53-54] and biomass [55]. Several ignition models have been developed for both 
homogeneous ignition [56-57], heterogeneous [53] ignition and for the transition between 
these mechanism [57]. Studies of the parametric influence on the type of ignition mechanism 
have been performed experimentally [53,58,59] and by modelling [56] and are reviewed in 
Supplement 1.  

The ignition time (or ignition delay) is an often investigated parameter. The literature on the 
subject is briefly reviewed in Supplement 1. Though investigations on ignition of solid fuels 
by highly preheated agents are quite few, some studies with particular relevance to this work 
has been performed. 

As mentioned above, Kuo and Hsi [48] studied the effect of air temperature in the range 773-
873 K on the conversion of wooden spheres immersed in streams of hot air. In their work, 
they correlated the dimensionless ignition time to the ratio between the dimensionless ignition 
temperature and the Nusselt number. 

Suda et al. [22] studied the ignition delay for coal powder flames combusted with highly 
preheated air. They found that the ignition delay decreased as the air temperature was 
increased from 623 to 1073 K. Additionally they found that low volatile coal ignited slower 
than high volatile coal.  

For homogeneous ignition, experiments performed with gaseous fuel jets - and in particular of 
low calorific value gaseous fuel jets - are relevant. Such experiments have been performed 
using highly preheated agents by Mörtberg [20]. He measured the ignition delay for 
combustion with agents with oxygen concentrations ranging from 5 to 21% and showed that 
increased preheating temperature reduced the ignition delay and that the reducing effect was 
most evident for low oxygen concentration. The tested low calorific value fuel (4.2 MJ/Nm3) 
had an ignition delay that was significantly higher than the propane and methane flames.  

As far as the author of this thesis knows, there has been no experimental investigation on the 
variation of ignition mechanism and ignition time with agent characteristics (most importantly 
temperature and oxygen concentration) of single solid fuel particles in the high temperature 
region. Neither has there been any previous attempt to develop models that predict the 
mechanism and ignition time directly from the agent characteristics without passing through 
the measurement – or estimation - of the ignition temperature of the solid.  

As fixed bed gasifiers are usually stratified with more or less well defined zones for drying 
devolatilisation, gasification and combustion, it is of particular interest to examine the 
temperature distribution and the movement of reaction fronts. These in-bed characteristics of 
fixed bed thermochemical conversion of solid fuels has been studied by for example Kaer 
[60], Priyadarsan et al [61] and Di Blasi [51], Di Blasi et al. [62], Na et al, [63] and Lv et al. 
[64].  

Kaer [60] developed a model for straw combustion in a grate-based boiler. Predictions of the 
ignition velocity (computed as the ratio between the initial bed height and the total 
devolatilisation time) and temperatures for different combinations of air mass flow and 
temperature showed satisfactory agreement with measurements.  

Priyadarsan et al. [61] studied the on the dependence of oxidation front velocity on air flow 
rate and particle size in the fixed bed batch gasification of chicken litter biomass. A 
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temperature derivative with respect to the bed axis equal to zero was taken as the location of 
the oxidation front. They showed that the oxidation front rate was linearly correlated with the 
air flow rate while the composition and heating value of the produced gas appeared to be 
almost independent of the air flow. Very narrow temperature peaks near the bed bottom (air 
inlet) indicated that the consumption of oxygen occurred in a very thin layer of the bed.   

As was mentioned above, the model developed Di Blasi [51] for downdraft fixed bed 
gasification showed that gas phase combustion and primary devolatilisation played a key role 
in the stabilisation of the reaction front. One of the investigated variables in her work was the 
air–to–fuel ratio. Two different modes of stabilisation were evidenced: For high values on the 
air–to–fuel ratio, the gasifier was top stabilised while below a critical value of the air–to–fuel 
ratio (and under certain conditions) the reactor was grate stabilised. The top stabilisation was 
proved better both in terms of conversion efficiency and product gas quality. For the top 
stabilized bed, the size of the reaction zone became narrower in response to an increase of the 
air-to-fuel ratio but the maximum temperature obtained was almost constant. It was further 
shown that, for certain conditions, two distinct maxima in the solid phase temperature were 
obtained, corresponding to heterogeneous and homogeneous combustion. If the air to fuel 
ratio was too low, the reaction front propagated towards the bottom of the gasifier and then 
extinguished.      

Di Blasi et al. [62] also studied the reaction fronts and temperature distribution in experiments 
with an updraft fixed bed gasifier. The experiments were performed for different fuels varying 
the air flow but keeping the bed height constant (changing the fuel feeding rate accordingly). 
The location of the combustion/gasification zone was taken as where the values of the 
temperature derivative with respect to the bed axis increased. The location of the quenching of 
the gasification reactions along the bed axis was taken as the local maximum of the derivative 
of the temperature with respect to the bed axis. No clear devolatilisation front was observed. 
An increased air flow rate was proven to increase the temperatures all along the bed, but 
primarily in the gasification zone. The authors concluded that spatial temperature gradients 
within the bed are higher in the combustion/gasification zones and the size of the zone smaller 
than in the case of lower air flow rate. A narrow temperature peak near the air inlet was 
evidenced.  

Na et al, [63] reported the temperature in the oxidation zone, reduction zone and at the top of 
the bed as function of the oxygen-to-waste ratio during oxygen gasification of waste in an 
updraft fixed bed gasifier. A conclusion that can be drawn from their results is that an oxygen-
to-waste ratio of circa 0.37 and temperature of in the combustion zone of 1573 K are needed 
to produce temperatures above 873 K and 673 K in the reduction zone and top of the bed 
respectively. It was also shown that an increase in oxygen-to-waste ratio from 0.2 to 0.4 had a 
large impact on all temperatures measured. The temperatures along the bed and the 
temperature spread between top and bottom increased in response to an increased oxygen-to-
waste ratio.  

Lv et al. [64] reported the temperature distribution in the various zones for a downdraft 
gasifier operating with mixtures of oxygen and steam as agent. It was shown that the time to 
reach high temperatures were significantly longer in the drying and pyrolysis zones than in 
the oxidation and reduction zones. 

As can be seen from the work reviewed above, the focus of the studies of the temperature 
distribution and reaction fronts in fixed bed gasifiers has traditionally been on variables like 
air flow rate and air (or oxygen) – to – fuel ratio. Although the experimental work previously 
performed at KTH using a updraft batch gasifier [25-34] has showed that an increase in agent 
temperature from 623 to 1103 K increased the reactor temperature and the heating rate, 
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primarily during the initial part of the experiments (ignition), the bed temperature was 
measured only in two points (the bottom of the bed and in the gas phase above the bed). It 
was thus impossible to draw any conclusions about the effect on the temperature distribution 
or the rate of the reaction fronts from the experiments. In fact, the research on the use of 
highly preheated agents in gasification has previously not focused on the in-bed features. 
Thus, there is no information available on the dependence of these important aspects on the 
properties of the gasification agent (temperature and composition).  

The influence of reaction temperature in gasification on product syngas quality has been much 
investigated. A brief review on the subject, with the particular focus on fuels containing 
plastics, can be found in Supplement 4. Though the influence of reaction temperature in 
pyrolysis and gasification is well understood, there are fewer studies on the influence of the 
temperature of the agent on the product gas yield and composition. Never the less, as was 
stated already in the introduction, many useful studies have recently been performed by the 
research groups of prof. Blasiak (at KTH/Energy and Furnace Technology) [25-35], prof. 
Swithenbank [37-38], prof.  Gupta [39-41] and prof. Yoshikawa [42-47].  

The experiments performed at KTH were conducted in an up-draft batch gasifier (of 
approximate 0.5 MWthermal size) coupled with a regenerative preheater. The tested fuels 
included charcoal, wood pellets, wood chips, bark and plastic waste. Both air and mixtures of 
air and steam as agents were tested. It was shown that an increased air temperature in the 
tested range 623 – 1123 K gave a faster gasification process with combustible gas species 
production peaks appearing earlier, an increased gasification rate and an increase in the cold 
efficiency. As a result of high concentration of CO, H2, CH4 and higher hydrocarbons, the 
heating value of the (dry) produced gas (both in terms of maximum LHV obtained during the 
batch as well as an average value for the gasification, intended as the period during which no 
oxygen was detected in the outgoing gas) increased in response to an increased agent 
temperature and LHV values as high as 7.6 MJ/Nm3 were obtained. It was further shown that 
an increased air flow at a moderate air preheating temperature (803 K) resulted in a beneficial 
effect on both gas production rate and LHV of the dry syngas which suggested that at this 
preheating conditions, the additional release of heat from chemical reactions as a result of 
increasing air flow rates had a beneficial effect on the gasification chemistry that exceeded the 
dilutive effect of an increased flow of inert (N2). From solid phase adsorption measurements 
of the produced syngas the conclusion was drawn that the tar content in the produced gas 
dropped as a result of increasing temperatures of the air.  

Not only highly preheated air, but also highly preheated steam gasification has been 
investigated by KTH. It was shown that the substitution of part of the air by steam lowered 
the bed temperature from around 1473 K to around 1023 K in the case of 83 % steam with 
respect to the case of 0% steam for an agent temperature of 1103 K. The substitution of part 
of the air by steam had a slowing effect on the gasification process with the gasification rate 
decreasing with 74% over the tested interval (0-83% steam in an agent preheated to 803 K). 
The addition of steam improved the LHV of the dry product syngas slightly between 0 and 
83% with the highest LHV obtained for 52% steam.  

Gupta and Cichonski [39] studied the gasification of biomass and solid wastes (namely 
cardboard paper and wood pellets) with highly preheated steam in a bench scale reactor and 
compared measured results to equilibrium calculations1 for cellulose. The thermodynamic 
calculations showed that the molar fraction of hydrogen in the produced gas increased steeply 
with temperature up to temperatures over 1073 K. Above that temperature, a further increase 
in gasification temperature or an increase in steam to fuel ratio above 1 has a limited effect on 
                                                 
1 Performed with the computer program Equil software (part of the Chemkin software). 



 11

the hydrogen production. The experimental results showed a similar trend, but the hydrogen 
concentration in the product gas was significantly lower than predicted by the equilibrium 
calculations. Nevertheless, hydrogen concentrations above 30% were obtained for steam 
temperatures of 1273 K. They also found that LHV of the dry gas from cardboard and wood 
pellets increased in response to increased steam temperature between 973 and 1273 K in 
experiment performed with highly preheated steam as gasifying agent.  

Jangsawang et al. [40] performed experiments with rice husk, rise straw, corn cob and 
cellulose using high temperature steam and mixtures of air and steam as gasifying agent. They 
showed that the concentration of hydrogen in the product syngas increased with agent 
temperature up to about 1200 K while the concentration of carbon monoxide continued to 
increase even above that temperature. Pure steam gasification gave higher concentrations of 
hydrogen in the product syngas, particularly so at relatively low agent temperatures. As a 
result of increasing concentrations of hydrogen, carbon monoxide and methane in response to 
increasing agent temperatures, the LHV of the dry syngas was showed to increase with 
increasing agent temperature.   

Jangsawang et al. [41] used element potential method to model equilibrium conditions for the 
high temperature steam and air/steam gasification of biomass with cellulose as model fuel. 
They showed that the highest concentration of combustible species was obtained for pure 
steam gasification. Further, the gas quality in the pure steam gasification showed a strong 
dependence on steam temperature with increasing concentrations of hydrogen up to ca 1200 
K.  

Ruy et al. [38] performed experiments in an entrained flow reactor in which wood char was 
gasified in super heated steam in mixture with carbon dioxide. In this experimental set up, the 
temperature of the agent (steam + carbon dioxide) was initially above 2273 K but rapidly 
decreasing to around 1123 K in the entrained reactor. A syngas with 32-37% hydrogen and 
25% carbon monoxide and 37-40% carbon dioxide was produced. 

Though the evidences of the positive effect of highly preheated agents on product gas quality 
and yield, there is still a need to prove the positive effect in continuous operation and for a 
wider range of operational conditions.  

The idea to use of highly temperature agents in solid fuel gasification is found in a reference 
from 1991 in which a technique referred to as High Temperature Gasification (HTG) is 
presented [65]. The concept uses separated combustion and gasification chambers and is said 
to be a combination of updraft and downdraft. In the combustion chamber, liquid primary 
fuels or waste oils are combusted with preheated air at a temperature of 1873 K so that the 
charged solid fuel is gasified. The produced fuel gas then passed a secondary reaction 
chamber where the coke was reduced (gasified). The product gas leaves the coke bed at 1173 
K i.e. substantially above the temperature of conventional up-draft fixed bed gasifiers. The 
technique was developed with the scope of handling hazardous waste, and analyses of organic 
pollutants, such as chlorinated hydrocarbons and PAHs, were performed, with satisfactory 
results even though the authors point out that some problems had to be solved to meet normal 
incinerator standard requirements. 

As have been already highlighted in the introduction, more recent references on “high 
temperature gasification” can use regenerative preheaters to obtain the high temperatures of 
the agent.  

For example, a gasification concept named Multistage Enthalpy Extraction Technology 
(MEET) using a regenerative preheater and preheating temperatures above 1273 K has been 
developed [42-47] by the research group of prof. Yoshikawa.   
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The state of art of the MEET-technology was described by Pian et al. [42].  The process lay 
out of a gasification system using a gasifier coupled to a highly efficient regenerative 
preheater fuelled by part of the cleaned produced gas is presented in several works. The 
system operates at a temperature above the slag melting point, usually above 1573 K. The 
authors concluded that the benefits of using high temperature air for the gasification of coal 
and waste are a uniform temperature distribution, high heating values of the produced gas, 
high hydrogen yield and a cold gas efficiency of nearly 70%. They also express the belief that 
the system is able to operate efficiently over a wide range of feedstocks and the MEET 
gasifier system can be built extremely compact with atmospheric pressure, lowering 
component costs.  

The potential applications of the MEET system has summarised in a review by Zubtov et al. 
[45]. 

A development of the MEET technology with the aim of producing hydrogen rich gas 
referred to as HyPR-MEET [46]. In this system, the fuel and highly preheated steam (1273 K) 
is fed to an updraft fixed bed gasifier. The pyrolysis gas and tar is subsequently passed to a 
reformer fed with nearly pure oxygen (90%) while the char produced in the gasifier is used in 
the steam preheater. The evidenced cold gas efficiency from fuel to product gas was 38%.  

Murakami et al. [47] has proposed a MEET-system in which chicken manure is gasified and 
the product gas reformed, cleaned, mixed with LPG and used in a Stirling engine for power 
production. Based on a LHV of the dry reformed gas of 3.1 MJ/Nm3, an efficiency of 28-31% 
from fuel to power was obtained.  

Preliminary calculations for an autothermal system for power production including a gasifier, 
a regenerative preheater and an additional burner for the preheating of the gasification air 
have been performed at KTH [35]. Based on experimental results from gasification of 
biomass with highly preheated air, a fuel to power efficiency of 29% was calculated.   

Though it has been proved that the energy efficiency of autothermal systems using 
regenerative preheaters to preheat the gasification agents to very high temperatures is 
relatively high, there is still a lack of a theoretical analysis of limits for autothermal operation 
of these systems. Moreover, the exergy balances for these types of systems have not been 
reported previously.  

Above literature with particular relevance to the area of investigation has been reviewed. 
Going through the literatures, the following is noted: 

 Although many aspects of the thermochemical conversion of solid fuels are well 
known and throughroughly mapped in function of a variety of variables, fundamental 
studies focused on the effect of high preheating temperatures (> 1273 K) of the 
gasifying agent on the fundamental physical and chemical processes in the solid fuel 
particles are still lacking.  

 Although fixed bed gasification studies where the in-bed characteristics are 
investigated in function of important variables have been performed previously, there 
is still little knowledge on how high preheating temperatures (> 1273 K) of the 
gasification agent influences the stratified character of fixed bed reactors, i.e. the 
behaviour of the reaction fronts and the temperature distribution. Moreover, there is 
still a need to put these aspects in relation to the improved efficiency and gas quality 
obtained when using a highly preheated agent. There is also a need to prove these 
effects in more operational conditions (in terms of gasifier configurations, fuels, 
agents). 
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 Although the efficiency of several system using highly preheated agents for 
gasification of solid have been investigated, the fundamental thermodynamic picture 
of the preheater – gasifier system has not yet been drawn and studies of the exergy 
flows involved are lacking. 

This thesis aims to address a few of these issues. 

  



 14

3 Objectives 
The general objective is to study the fundamental aspects and performance of Thermally 
Homogenous Gasification. 
 
The general objective divides into the following partial objectives: 
 

1. To study the thermochemical behaviour of single solid fuel particles and thin beds of 
fuel particles in highly preheated agents or more specifically: 

a. To show how mass conversion, heating and ignition of the solid fuel particles 
are influenced by variations in the agent properties (namely concentration of 
oxygen and temperature) 

2. To demonstrate the features of the thermally homogeneous bed or more specifically: 

a. To show how the in-bed characteristics (mass conversion, devolatilisation front 
rate and temperature distribution) are influenced by high temperatures of the 
agent. 

b. To show the positive effect of thermally homogeneous operation on product 
gas quality and gasification efficiency by use of modelling and experimental 
data. 

3. To study the thermodynamics of Thermally Homogeneous Gasifier operating in a 
autothermal system or more specifically:   

a. To present a concept for an autothermal system operating with a thermally 
homogenous gasifier and discuss its thermodynamic limits of autothermal 
operation. 

b. To show how the energy and exergy efficiency depends on the agent 
temperature during autothermal operation and put it in relation with the quality 
of the produced gas.  

4. To, in base of the obtained results, draw conclusions about Thermally Homogenous 
operation in fixed bed gasification and discuss possible advantages and limitations. 
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4 Method 

4.1 Experimental methodology  

4.1.1 Tested fuels 
The tested fuels were pellets of wood (∅ 8 (x2), 12 and 15 mm), miscanthus (∅ 6 mm), RDF2 
(∅ 8 mm) and coal (∅ 15 mm). The wood, miscanthus and RDF pellets were bought from 
external providers while the coal pellets were fabricated in the laboratory. The characteristics 
of the RDF pellets and the procedure used in the fabrication of the coal pellets are described 
in Supplement 4 and Supplement 1 respectively. The proximate and ultimate analyses of the 
fuels used are presented in Table 1. 
Table 1: Fuel properties 
 Fuel A Fuel B Fuel C Fuel D Fuel E Fuel F 
Fuel Wood pellets Wood pellets RDF pellets Coal pellets Miscanthus 

pellets 
Wood pellets 

Diameter 
[mm] 

8; 8 15 8 15 6 12 

Moisture [%] 7.7; 8.0 NA 2.9 6.7 7.2 NA 
Ash [%] 0.7; 0.5-0.6 NA 6 11.1 3.7 0.40 
LHV [MJ/kg] 17.27; 17.76 NA 26.7 27.99 15.97 19.14 
Volatiles [%] 74.7; 84 NA 84.4 19.4 73,2 83.90 
Fixed C [%] NA NA NA NA 15.9 15.70 
C [% dry] 51; 50 NA 63.3 76.0 47.1 50.40 
H [% dry] 6.3; 6.0-6.2 NA 8.9 4.0 5.8 6.20 
N [% dry] 0.2; <0.1 NA 0.3 1.5 0.3 <0.20 
O [% dry] 41.8; 43-44 NA 21.0 6.2 42.37 42.80 
Cl [% dry] 0.02; - NA 0.52 <0.01% (wet) 0.12 NA 

4.1.2 Particle study - test facility, experimental procedure and data 
evaluation 

The facility used in the small scale experiment is shown in Figure 4. The rig consists of a 
horizontal combustion chamber with an inner diameter about 0.1 m. Before the experiments 
started, the fuel feedstock was weighted on a precision scale. Thereafter the fuel feedstock 
was attached to a piston. The feedstock was either attached as single pellets by means of thin 
metal wires or as a thin bed in a metal basket fabricated for this scope. When single pellets 
were used as feedstock, a thermocouple was inserted into a hole drilled into the pellet at an 
approximate depth of 1/2 of the diameter in order to measure the solid temperature during the 
process. 

During the heating stage, propane and air were fed via nozzles (1 and 2) to the gas burner (3). 
The fuel burned in the combustion chamber (4) and the hot flue gases heated the ceramic 
honeycomb (5) and flowed through the second part of the reactor (6) and towards the 
facility’s outlet (7). The rig was run in heating mode until the desired temperature of the 
honeycomb was reached. Once the proper temperature was reached, the propane feed was 
shut off and the experimental stage started. The proper agent composition was set by adjusting 
the flows of air and oxygen or nitrogen and the resulting agent was fed through the air nozzle 
(2) and was heated by the hot honeycomb (5). The agent temperature was measured by a 
thermocouple (12). The lid (8) with the piston and the feedstock sample was attached to the 

                                                 
2 A commercial refused derived fuel called Rofire® 
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rig, with the feedstock sample in a small cooling chamber (9) where it was cooled by nitrogen 
(10). The experiment started when the pellet on the piston was pushed down into the reactor 
chamber (6) from above. Once the pellet was in the combustion chamber, the pellet was 
visible through glass window (11)3. Through the glass widow (11), the process was recorded 
by a digital camera. The temperature downstream from the feedstock sample was measured 
by a thermocouple (13). After a certain time (measured by stopwatch), the basket was lifted 
from the combustion chamber to the cooling chamber (9) in order to quench the reactions 
through cooling with nitrogen. The feedstock sample was kept in the cooling chamber for 5 
min and was then removed from the rig and weighted on a precision scale. In some cases 
(Fuel E), the product syngas was sampled downstream from the feedstock sample analyzed by 
a micro Gas Chromatograph every 2 minutes. 

 

 
Figure 4 The small scale facility at KTH: 1) propane nozzle 2) air nozzle 3) gas burner 4) combustion 
chamber 5) ceramic honeycomb 6) reaction chamber 7) outlet 8) lid 9) cooling chamber 10) nitrogen 
nozzle 11) glass window 12) thermocouple 13) thermocouple.  

 

Data collection 

Mass as function of time  

Mass as function of time was reconstructed by weighing samples combusted under identical 
conditions but in experiment of different duration on a precision scale. The errors in the 
measurements were attributed to 1) the imprecision of the precisions scale itself 2) errors in 
the mass due to small pieces of the sample falling from sample holder during the conversion 
process. Of these two sources, the latter is the most important. In order to limit this source of 
error, the conversion process was carefully observed visually. The measured mass of the 
sample in experiments in which pieces of the sample fell from the sample holder during the 
conversion was not considered in the analysis of the results.   

Temperature of the particle 

Temperature as function of time was measured inside the particles by a thermocouple inserted 
into a drilled whole. The signals from the thermocouples were collected every 5 seconds. The 
errors in the measurements were attributed to 1) the imprecision of the thermocouple itself 2) 
                                                 
3 An exception are the experiments with fuel E where the glass window was not used. 
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exchange of heat by radiation between the thermocouple and the hot gas mass and walls. The 
second effect was however considered to be limited since diameter of the hole in the particle 
into which the thermocouple was inserted was only slightly larger than the insulating tube of 
the thermocouple.       

Ignition time and mechanism 

Ignition was studied using the video recordings from the experiment. The ignition time was 
measured by stopwatch. The precision in these measurements was around 1s, due to the fact 
that the insertion time of the sample was difficult to establish precisely (the insertion 
procedure was manual). Thus, for extremely fast ignitions, for example for the cases of agent 
temperature equal to 1273 K and/or oxygen concentrations of 0.30 -1.00 (molar basis), the 
ignition time was given as <1 s without any attempt to precise ignition time further. The main 
source of error in the ignition time measurements was however the difficulty to accurately 
individuate the ignition visually for low temperatures and low oxygen concentrations. 

Experimental conditions in the small experiments  

The experiments in the small scale equipment were performed using fuel A, B, D and E. The 
experimental conditions and the performed measurements relative to each of the tested fuels 
are presented in Table 2.  
 
Table 2: Experimental conditions in the small scale experiments 
 Fuel A Fuel B Fuel C Fuel D Fuel E Fuel F 
Fuel Wood pellets Wood pellets RDF pellets Coal pellets Miscanthus 

pellets 
Wood 
pellets 

Modality of 
experiment 

Thin bed Single 
pellets 

- Single 
pellets 

Thin bed - 

Mass of sample 
[g] 

5 5 - 7  54 - 

Temperature of 
agent [K] 

873, 1073, 
1273  

1273  - 873, 1073, 
1273  

873, 1073, 
1273  

- 

Agent  flow 
[Nm3/h] 

10 4 - 4 2 - 

Oxygen 
concentration 
[%] 

5, 10,  21  10, 21  - 0, 5, 10, 21, 
30, 50, 80,  
100 

0, 2, 5 - 

Time duration [s] 15, 30, 45, 
60, 120, 180,  
300 

15, 30, 45, 
60, 120, 180, 
300 

- 60, 120, 180, 
240, 300, 
480 

15, 30, 45, 
60, 120, 180,  
240, 300, 
480 

- 

Measurements 
Mass  X X - X X - 
GC - - - - X - 
Video rec. X X - - - - 
Particle Temp. - X - X - - 

 

Data evaluation 

Normalized mass during the conversion 

The normalized mass during conversion was computed as the mass of the feedstock at time t , 
)(tm feedstock , divided by the mass of the particle at the start of the experiment, )0( =tm feedstock . 
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Dimensionless time  

Dimensionless time was used to express the duration of the particle experiment and the 

ignition time. The dimensionless time is computed as 2L
tα where t  is the duration of the 

experiment or the ignition time in s, L  is the characteristic length of the particle in m (the 
diameter of the pellets) and α  is the thermal diffusivity (1.76.102 m2/s for coal and 1.06.102 
m2/s for wood). 

Devolatilisation rate 

The devolatilisation rate was computed as the slope of a linear regression using experimental 
data on conversion during “devolatilisation”. The ”devolatilisation” was defined under the 
simplifying assumption that drying, devolatilisation and char gasification/combustion 
occurred in that order and without overlapping each other and that the mass fraction lost in 
each phase corresponds to the fraction of moisture, volatiles and fixed C respectively, as 
determined from the analysis of the virgin samples. In some cases it was necessary to consider 
one or two experimental points outside the “devolatilisation” phase due to a limited number of 
experimental points or due to a clearly visible extension of the devolatilisation zone with 
respect the proximate analysis. 

Volatile conversion 

The volatile conversion was computed according to the following formula: 

)0()0(
)()(

)(
=⋅=

⋅
=

tgtm
tgtm

t
volatilesfeedstock

volatilesfeedstock
volatilesη  

)(tvolatilesη  is the volatile conversion at time t , )(tm feedstock is the mass of the feedstock sample 

at time t  and )(tgvolatiles is the fraction of volatiles measured on a wet basis at time t . 

Steady state temperature for char gasification/combustion 

The steady state temperature of char gasification/combustion was taken as the temperature 
measured inside the particle 300 seconds into the experiment. In reality this is not a steady 
state temperature since the particle experiments were performed in batch mode. However, 
only very limited changes in the temperature occur after 300 seconds (as demonstrated by the 

low values of the heating rate for a dimensionless time, 2L
tα , equal to 0,23 shown in Figure 

10). 

Heating rate 

The heating rate of the coal pellet was estimated by differentiation of the collected 
temperature curve. The error committed in doing so was estimated to be < 10% (computed by 
comparing a sampling time of 5 s to a sampling time of 15s). 

The maximum heating rate was in all cases reached shortly after the insertion of the particle 
into the hot agent stream. 

Error evaluation of variables computed from more than one measured variable 

Though the experiments were evaluated in terms of variables computed from more than one 
measured variable, the method of Kline and McClintock [69] was used to evaluate the 
uncertainties of the computed values. Thus, the uncertainty of each calculated variable was 
thus estimated as: 
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Where  RU  is the uncertainty of the computed result variable ( )ixxxR ..., 21 , a function of  the 
measured variables ixxx ..., 21 , each associated with a certain measurement uncertainty 

ixxx UUU .., .21
.  

4.1.3 Gasifier study - test facility, experimental procedure and data 
evaluation 

The large scale experiments performed within this work were performed in both batch and 
continuous mode. The more important results for this particular work were obtained in 
continuous mode. The experimental facility used for these experiments is shown in Figure 5. 
A brief description of the test facility used in the batch experiments is found in Supplement 3 
and detailed descriptions can be found in the work of Lucas [26].  
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Figure 5 Scheme of the large scale facility at KTH 

In this system, air was supplied to the system by an air blower. Slightly preheated steam (453 
K, 2.5 bar) produced by an electrical steam boiler is introduced to the air-line, when required. 
The relative flow of the air and steam was regulated manually and monitored by a set of flow 
meters. The temperature of the agent (air/steam mixture) is raised to over 1473 K by a 
regenerative preheater described in detailed elsewhere [11]. To obtain temperatures of the 
air/steam mixture up to around 1600 K, additional fuel (propane4) was burnt at the preheater 
outlet before the inlet to the gasifier body. The combustion of propane slightly altered the 

                                                 
4  In the experiments propane is used for this scope. In a future system, all fuel supplied to the agent preheat 
system can be part of the producer gas and the only fuel input to the system will be the solid feedstock. 
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composition of the agent. The concentration of oxygen was for example reduced. A detailed 
description of the gasifier body is given in Supplement 4.  

The feedstock feeder consisted of four vertical water-cooled pipes, which are supplied by 
screw feeders powered by two electric motors. A high accuracy estimation of the feeding rate 
is obtained by calibrating the mass flow of feedstock entering the gasifier against the 
frequency of the motors. The solid feedstock forms a fixed bed on the pebble bed of the 
gasifier. 

In the experiments, the system was heated up by hot agent passing through the empty gasifier. 
Feedstock feed was started when the temperature of system had stabilized at the required 
levels. Gas sampling was initiated and continued throughout the whole time of the 
experiment. The temperature of the agent was kept as constant as possible by means of 
regulation of the propane amount burnt at the preheater outlet. Different experimental 
conditions were achieved by changing the feedstock feeding rate, the flow of air and the flow 
of steam. A particular condition was kept constant until the temperature of the outgoing 
producer gas had stabilized and the system had been sampled several times.  

Data collection 

Temperatures 
Temperatures where measured by thermocouples in the windbox (to measure the agent 
temperature) and above the bed (to measure the temperature of the produced syngas). The 
temperature measurements were collected every 10 seconds.  

The error in the temperature measurements were as in the case of the particle study to the 
uncertainty of the thermocouples themselves and possible heat exchange by radiation from 
gaseous environment or walls. Though the temperatures in the continuous experiments were 
calculated as average temperature over a steady state period (for its computation, see below), 
the computation of the variance around the mean value gave an indication of the experimental 
uncertainties involved.   

Gas composition 

The produced syngas was sampled every 70 seconds at the outlet of the gasifier. After 
condensation in a water trap, the non-condensable part of the gaseous mixture was analysed 
by a Micro Gas Chromatograph (micro GC). The instrument was configured with four 
independently controlled modules that measured the relative content of H2, CO, CO2, N2, O2, 
CH4 and higher hydrocarbons (CxHy  2 ≤ x ≤ 6). The 70 seconds sampling interval consisted 
of 15s sampling time and 55s analysis time. 

Like in the case of the temperature measurements, the experimental uncertainties for the 
measurements of the average composition during the continuous experiments during the 
steady state period (for the computation of the average gas composition, see below) was given 
by the variance of the data set collected at steady state. Naturally the uncertainty of the GC 
itself contributed to the error of the measured gas composition. 

Tar 
Tar sampling and analysis were performed using the Solid Phase Adsorption (SPA) method 
[70]. Briefly, tars from 100 ml producer gas samples collected by means of a syringe were 
adsorbed on the solid phase and then analyzed by an external laboratory. The results from the 
SPA analysis performed are given as mg per 100 ml sampled dry gas. The total amount of tar 
is given as the sum of the measured tar species per 100 ml samples gas.  
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An important source of error in the tar analysis was the manual sampling procedure which 
made it difficult to sample the 100 ml at a constant rate. Apart from the errors due to the 
sampling procedure and the uncertainty of the analysis equipment itself, the difference in time 
between sampling and analysis contributed to the uncertainty, especially in the measurements 
of lighter tar species, due to evaporation.    

Experimental conditions in the large scale experiment  

The experiments in the large scale equipment were performed with fuels A, C and F. The 
experimental conditions relative to each of the tested fuels are presented in Table 3. 

 
Table 3: Experimental conditions in the large scale experiments 

 Fuel A Fuel B Fuel C Fuel D Fuel E Fuel F 
Fuel Wood pellets Wood 

pellets 
RDF pellets Coal 

pellets 
Miscanthus 
pellets 

Wood 
pellets 

Modality of 
experiment 

Fixed bed, updraft, 
continuous 

- Fixed bed, 
updraft, 
continuous 

 - - Fixed bed, 
updraft, 
batch 

Temperature 
of agent [K] 

1873 x 5,  
1673 x 4 
1673 x 2 

 - 1673 x 2 
1673 x 3 

- - 625, 803, 
973, 1103  

Fuel feeding 
rate [kg/h] 

49, 71 71, 97, 97 
49, 71, 71, 97 
71, 71 

 - 44, 60 
44, 44, 44 

- - - 

Agent 
feeding rate 
[Nm3/h] 

100, 100, 90, 90, 100 
100, 100, 90, 90 
100, 100 

- 100, 100 
100, 100, 100 

- - - 

O2 in wind 
box [%] 

10, 10, 10, 10, 10 
12, 13, 14, 14 
9, 0 

- 10, 10 
16, 12, 0 

- - 21 

H2O in wind 
box [%] 

6, 6, 6, 6, 6 
52, 52, 52, 52 
4, 81 

 - 4, 4 
5, 53, 82 

- - 0 

 

Data evaluation 

Composition of the produced syngas and the temperature 

In the batch experiments, the producer gas composition was calculated as the average of the 
measured composition during the gasification period, defined as the period of the experiment 
during which no oxygen was detected in the produced syngas. The number of samplings 
performed during this period (usually between 15 and 20) depended on the experimental 
conditions. 

In the continuous experiments, the producer gas composition and the process temperatures for 
each experiment were calculated as an average of all samplings for the period of constant 
temperature of the outgoing gas thus presumed to be at steady state. For the experiments with 
fuel C (RDF pellets), the length of these was 20, 34, 26, 16 and 16 min corresponding to 10, 
17, 13, 8 and 8 GC samplings. For the experiments with fuel A (wood pellets) the length of 
these periods were 16, 16, 14, 6, 16, 5, 8, 8, 27, 44 and 69 min corresponding to 10, 10, 9, 4, 
10, 3, 5, 5, 17, 20 and 44 samplings. 

Lower heating value of the produced syngas 

The lower heating value of the dry produced syngas in MJ/ Nm3 was computed as: 
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∑=
i

iisyngas LHVxLHV  

where ix  is the measured molar fraction of component i (see above) and the iLHV  is the 
molar lower heating value of component i in MJ/Nm3. 

Gas yield 

The gas yield in Nm3/kgfuel was computed by use of the nitrogen balance: 

 

 

 

where agentNx ,2
 and syngasNx ,2

 is the molar fraction of nitrogen in agent and syngas respectively, 

agentV  is the volume flow of agent in Nm3/h and fuelm  is the mass flow of fuel in kgfuel/h. 

Gasification efficiency 

The gasification efficiency is computed by use of the nitrogen balance: 

fuel

agentagent
fuel

syngassyngas
ongasificati

m
Vh

LHV

LHVY

+
=η  

where fuelLHV  is the heating value of the fuel in MJ/kg and agenth  is the latent and sensible 
heat in the agent in MJ/ Nm3. 

Error evaluation of variables computed from more than one measured variable 
Like in the case of the particle study the uncertainties of the computed values was evaluated 
by the Kline and McClintock method [69] (see section 4.1.2).  

4.2 Models 

4.2.1 Description of the model used 
The model used for the simulation is a transient model describing an unsteady state updraft 
gasifier using high temperature air as agent. It assumes that the reactor is charged with 
biomass fuel that can be considered to consist of four components: moisture, volatile matter, 
fixed carbon (char) and ash. During the gasification process, the moisture, volatiles and char 
fractions are removed from the solid matter by drying, pyrolysis and gasification respectively. 
These processes are assumed to take place contemporarily within the reactor. The model uses 
the following assumptions: 

• The major bed properties, namely temperatures (of gas and solid phases inside the 
bed), gas compositions (O2, H2, CO, CO2, etc) and solid compositions (moisture, 
volatiles, fixed carbon and ash) can be described one-dimensionally as functions of the 
bed height. 

• The bed can be treated as a porous medium where mass and heat transfer takes place 
between the solid and gas phases. 

• The shape of the particle is spherical and the averaged surface-volume diameter is 
used. 

fuelsyngasN

agentagentN
syngas mx

Vx
Y

,

,

2

2=
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Under these assumptions, the individual bed processes, namely moisture evaporation, 
devolatilisation and char burning can be considered as taking place layer by layer, from the 
bed top to the bed bottom for the counter current flows. A temperature gradient inside the bed 
medium is obtained. The non-uniformity of temperature inside a particle is thus represented 
by the temperature gradient inside the continuous solid medium in the bed. Therefore the 
model is suitable for relatively small biomass particles (less 30 mm). The mathematical 
models used for all the involved processes are described in detail in Supplement 3. 

Devolatilisation front rate 

The devolatilisation front rate in kg/m2s for the fixed bed gasification was calculated as 
product between the devolatilisation velocity and the fuel bed density, where the 
devolatilisation velocity was calculated according [60] as the ratio between the initial bed 
height and the total devolatilisation time as simulated by the model described. 

4.2.2 Operational conditions simulated 
The simulation was performed using fuel F as model feedstock. Conditions corresponding to 
air temperatures of 300 - 1873 K, oxygen concentrations of 12 - 35% and air flow rates of 30-
100 Nm3/h were simulated. 

4.3 Thermodynamical analysis 
The thermodynamic analysis was performed approximating the feedstock as humid cellulose 
(moisture 5 wt %) supplied to the gasifier at a room temperature. The software Gaseq was 
used to calculate equilibrium product flows of gaseous components CO, H2, CO2, CH4, C2H6, 
C2H4, C2H2, N2, O2, H2O (g) plus solid remains (approximated as C(s)) for different reactor 
temperatures and different air supply per unit fuel (expressed as equivalence ratio i.e. moles 
of O2 supplied / moles of O2 required for stochiometric combustion). For each calculated 
equilibrium state of the gasifier, the energy balance of the entire system (gasifier and 
preheating system) was performed. All gasification and combustion in the system were 
assumed to be adiabatic and all heat exchangers ideal. The sensible heat and the physical 
exergy were calculated from the size, temperature and composition of the involved flows by 
use of the Shomate-equation. Exergies of formation for the involved chemical species were 
taken from [71]. Details of the performed calculations can be found in Supplement 5.  
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5 Results and discussion 

5.1 Particle study 
For the scope of studying the mass conversion, heating and ignition of solid fuel particles in 
the conditions relative to the use of highly preheated agents, a large number of small scale 
experiments were performed within the frame of this work. The experiments were performed 
using thin beds of wood pellets (∅ 8 mm) and single wood and coal pellets (∅ 15 mm) 
inserted into highly preheated agent streams (873, 1073 and 1273 K) of varying concentration 
of oxygen (0, 5, 10, 21, 30, 50 80 and 100% O2

5). 

5.1.1 The mass of the sample during conversion: 
Figure 6 and Figure 7 show the normalized mass as function of a dimensionless time for 
experiments performed with thin beds of wood pellets and single coal pellets on the 
background of the proximate analysis of the virgin fuel. From the background, one can 
roughly distinguish drying, devolatilisation and char gasification/combustion as occurring in 
the zones represented by “moisture”, “volatiles” and “fixed carbon and ash” respectively. For 
wood, which has a large fraction of volatiles, these different phases are clearly 
distinguishable: The curve has a much higher slope in the region corresponding to the 
“volatile” fraction than in the region corresponding “fixed carbon and ash”. For coal, which 
contains less volatile material, this distinction is less clear. 

As can be seen, at low or atmospheric oxygen concentrations (5-21%) there is a clear 
difference in the behavior at high agent temperatures on one hand and low agent temperatures 
on the other. In fact, the higher the agent temperature, the faster the solid particles are 
converted. Mainly, this is due to an earlier onset of the devolatilisation in the case of a higher 
agent temperature, thanks to a faster drying and heating of the sample, something evident in 
both the case of wood and coal. For wood, a higher agent temperature also clearly results in a 
higher devolatilisation rate (defined as the slope of a linear regression of the experimental 
points in the zone corresponding to “volatiles”6), which is clearly demonstrated in Figure 8a. 
Further, an increased agent temperature results in a higher burnout of the wood pellets during 
the experimental period and seemingly also an extension of the volatile fraction with respect 
to the proximate analysis. For coal, an increase in the devolatilisation rate in response to an 
increased agent temperature - although plausible - is not demonstrable from the experimental 
data.  

                                                 
5 Concentrations of 30, 50, 80 and 100% O2 were only used in the experiments with coal.  
6 For a detailed description of the computation of the devolatilisation rate, see section 4.1.2.  
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b) Agents preheated to 1073 K 

0

0,2

0,4

0,6

0,8

1

0,0 0,1 0,2 0,3 0,4 0,5 0,6

αt/L2 [-]

m
/m

0 [
-]

5% O2-873 K
10% O2-873 K
21% O2-873 K

Fixed carbon + ash 

Volatiles

Moistur

 
c) Agents preheated to 873 K 

 
Figure 6 Mass of the fuel sample during thermochemical conversion of thin beds of wood pellets (∅ 8 mm) 
inserted into high temperature agents (mixtures of N2 and O2 in various proportions fed at a rate of 10 
Nm3/h). 
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Single coal pellets, 15 mm 
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a) Agents preheated to 1273 K 
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b) Agents preheated to 1073 K 
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Figure 7 Mass of the fuel sample during thermochemical conversion of single coal pellets (∅ 15 mm) 
inserted into high temperature agents (mixtures of N2 and O2 in various proportions fed at a rate 4 
Nm3/h). 
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When low to atmospheric concentrations of oxygen are used, the concentration of oxygen in 
the agent seems to have the least influence on the conversion process at the highest tested 
agent temperature (1273 K). This holds for both wood and coal. Figure 8 suggest that the 
devolatilisation rate was little influenced by the oxygen concentration at all agent 
temperatures, so the decreased influence of O2 concentration at the highest temperature must 
be mainly attributed to a reduced influence of O2 on the onset of the devolatilisation (reduced 
influence on the rate of heating and drying). Further experimental evidence of the 
independence of oxygen concentration for the devolatilisation when using very high 
temperature agents are find in Figure 9. Here it is shown that there was essentially no 
difference in the release of volatiles between the cases of 5 and 21 % O2 in agents preheated 
to 1273 K. 
  

0

2

4

6

8

10

673 873 1073 1273 1473

Agent temperature [K]

D
ev

ol
at

ili
sa

tio
n 

ra
te

 [-
]

5% O2
10% O2
21% O2

 
a) Thin bed of wood pellets (∅ 8 mm) 
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b) Single coal pellets (∅ 15 mm) 

 
Figure 8 Devolatilisation rate as function of agent temperature for thermochemical conversion of thin 
beds of wood pellets (∅ 8 mm) and single coal pellets (∅ 15 mm) inserted into high temperature agents 
(mixtures of N2 and O2  in various proportions fed at a rate of 10 and 4 Nm3/h respectively). 
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Figure 9 Volatile conversion as function of the total dry and ash free conversion during thermochemical 
conversion single coal pellets (∅ 15 mm) inserted into 1273 K agents (mixtures of N2 and O2 with different 
concentration fed at a rate of 4 Nm3/h). 
 
Only coal particles were tested for oxygen concentrations higher than 21%. As can be seen in 
Figure 7a-c, the dependence on agent temperature was much less pronounced in high oxygen 
concentrations than in low. In fact, for high oxygen concentrations (> 30 %), it seems no 
longer relevant to speak of high and low ranges in the agent temperatures in terms of different 
behaviour, at least not in the tested temperature range. For high oxygen concentrations, the 
conversion rates were largely independent of the agent temperature in the tested temperature 
range. 

5.1.2 The temperature of the particle during conversion 
A high agent temperature has a clear effect on the heating of the solid fuel particle during the 
conversion process, particularly so when the oxygen concentration is relatively low (5-21%). 
This can clearly be seen in Figure 10 and Figure 11 which show the temperature and the 
heating rate inside coal particles (approx. in the centre of ∅ 15 mm coal pellets) during the 
thermochemical conversion as function of dimensionless time. In particular, the heating rate 
of the particle during the very first period of the experiment (when the particle is primarily 
subjected to drying and devolatilisation) was significantly enhanced by higher agent 
temperatures when the oxygen concentration was low or atmospheric (5-21%). Since the 
heating of the particle during devolatilisation results faster in diluted agent (5-21% O2) than in 
an inert (0% O2), it seems however that an early on-set of the gas phase reactions of the 
volatiles enhanced the heating of the particle, something that will be discussed further in the 
following sections. In fact, the heating of the particle by a volatile flame seems to be very 
efficient, though low oxygen concentration (0-21%) gave a very fast initial heating compared 
to higher oxygen concentrations (30-100%) at equal preheating temperature.  

Under some conditions, a secondary increase in heating rate, presumably associated with 
reignition of char, was found. For wood inserted into agents of 1273 K, this secondary heating 
rate peak appears already at 10% oxygen (see Figure 12), while for coal it appeared only for 
30% oxygen or more. The highly porous structure of the char in the case of wood created both 
due to the relatively low density of the wood pellet and the high volatile content compared to 
coal may be an explanation for the fact that the secondary heating rate peak was observable 
even for very low concentrations of oxygen in the case of wood. 
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a) Agents preheated to 1273 K 
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b) Agents preheated to 1073 K 
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Figure 10 Temperature and heating of single coal particles (pellets ∅ 15 mm) during the thermochemical 
conversion inserted into high temperature agents (mixtures of N2 and O2  in various proportions fed at a 
rate of 4 Nm3/h). 
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b) Agents preheated to 1073 K. 
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c) Agents preheated to 873 K. 

 
Figure 11 Heating of large coal particles (pellets ∅ 15 mm) during the thermochemical conversion 
inserted into high temperature agents (mixtures of N2 and O2  in various proportions fed at a rate of 4 
Nm3/h). 
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b) Particle heating rate 

Figure 12 Temperature and heating rate of large wood particles (pellets ∅ 15 mm) during the 
thermochemical conversion in streams of agent preheated to 1273 . 
 

Figure 13a shows the steady state temperature7 for char gasification/combustion and 
maximum heating rate (in all cases reached during drying/devolatilisation8) as function of the 
agent temperature. The results are relative to experiments with coal particles. It can be seen 
how the steady state char gasification/combustion temperature was a positive function of both 
the agent temperature and the oxygen concentration. Similarly to the devolatilisation rate of 
wood, the steady state temperature shows a higher dependence on oxygen concentration for 
lower temperatures of the agent. The maximum heating rate (Figure 13b), increases more 
rapidly between 1073 and 1273 K than between 873 K and 1073 K, at least for lower oxygen 
concentrations (5-21%). As can be seen, no distinguishable tendency towards higher 
                                                 
7 In reality this temperature correspond to the temperature after 300 s experiment and is not a real steady state 
temperature, see 4.1.2. 
8 In al cases the maximum heating rate is reached during the initial heating of the article, shortly after the 
insertion into the hot agent. 
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dependency on oxygen concentrations of the heating rate at lower agent temperatures was 
observed. In fact, the situation is rather the opposite with larger differences when high 
temperature agents were used. 
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a) The “steady state” temperature of the particle  
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b) The maximum heating rate of the particle 

 
Figure 13 The steady state temperature and the maximum heating rate of coal pellets (∅ 15 mm) as 
function of agent temperature.  

5.1.3 Ignition of the particle during conversion: 
Mechanism 

The mechanism of ignition of charring materials is highly influenced by the surroundings, for 
example agent temperature and oxygen concentration whose effect was studied within the 
frame of this work. 

For the wood samples tested in conditions of high temperature and oxygen diluted to 
atmospheric environment (873-1273 K and 5-21% oxygen) ignition by development of a 
flame was studied. In the cases of very high temperatures (1073-1273 K), the flame started to 
develop progressively downstream from the sample and the farer away the more diluted the 
conditions (lower concentration of oxygen). This behaviour is very similar to the lifted flames 
previously observed in the studies of LCV fuel gas combustion in conditions of high 
temperature and oxygen diluted environment [20]. For 873 K case, on the other hand, a 



 33

sudden, almost explosive and significantly delayed ignition occurred. Pictures showing the 
mechanism of ignition in high temperature diluted conditions are shown in Figure 14. 

 

  
40s 43s 51s 711s 124s 

Figure 14 The formation of the volatile flame for thin beds of wood pellets (∅ 8 mm) inserted into high 
temperature agent (1273 K, 5%O2).  

 

For the coal samples tested (with respect to wood tested for a larger span of oxygen 
concentrations) three different mechanisms of ignition depending on the agent properties 
(873-1273 K, 5-100% oxygen) were observed: 

• Sparking ignition  

• Flaming ignition  

• Glowing surface ignition  
These were interpreted as three well known mechanisms: Heterogeneous ignition of non 
devolatilised coal, ignition of released volatiles and heterogeneous ignitions of char 
respectively. Some additional experimental evidence, like the temperature of the coal particles 
at the moment of ignition and the mass lost at the moment of ignition, was taken to support 
this interpretation, as explained in detail in Supplement 1 where also pictures taken at the 
moment of ignition in different agents are shown. The regions in the oxygen concentration - 
agent temperature plane corresponding to these three different ignition mechanisms are shown 
in Figure 15.  

The delimiting lines between the regions identified in Figure 15 are drawn with the aid of a 
model developed for this scope. The details of the developed model and the validation and the 
derived formulas can be found in Supplement 1. In short, the filled line in Figure 15 
(indicated in the figure as equation I) is constructed by comparing the rates of the competing 
reactions of devolatilisation and heterogeneous combustion of non devolatilised coal while the 
dashed line (indicated in the figure as equation II) is constructed by comparing the rates of the 
competing reactions of homogeneous combustion of volatiles and heterogeneous combustion 
of char and requiring that the oxygen concentration is low enough for the ignition to be 
controlled by devolatilisation. The exact location of these those lines in the agent temperature 
– oxygen concentration plane depends on several factors, for example material properties. In 
particular, the model predicts that the critical oxygen concentration for transition from 
devolatilisation controlled ignition (homogeneous ignition of volatiles by development of a 
flame or heterogeneous ignition of char) to heterogeneous ignition of non devolatilised coal 
(equation II) increases as a result of increasing volatile content. Thus, it predicts the tendency 
of wood to ignite homogeneously in conditions where coal ignited by heterogeneous ignition 
of non devolatilised coal/wood. 

As can be seen, the critical oxygen concentration required to pass from devolatilisation 
controlled ignition to heterogeneous ignition of non devolatilised coal increases with 
decreasing agent temperature.  
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The critical agent temperature to pass from heterogeneous ignition of char to homogeneous 
ignition of volatiles clearly is found between 873 K and 1073 K under the conditions tested. 
However, the dependence of this critical agent temperature on oxygen concentration is 
impossible to establish from the experimental data used, but is presumably a quite flat curve 
as demonstrated in the figure. 
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Figure 15 Regimes for different ignition mechanism for coal particles (Model described in Supplement 1 
and Experimental data for single coal pellets ∅ 15 mm). 

 

Ignition time 

Not only ignition mechanism but also ignition time is greatly influenced by the conditions of 
the agent. This is well evidenced by Figure 16a and b which show ignition times9 for thin 
beds of wood pellets and single coal pellets respectively. 

Figure 16a shows the time required for wood to ignite by the development of a flame. At 873 
K agent temperature, no ignition occurred of wood in 300 seconds (thus the dash line in 
indicates a minimum condition). 

Figure 16b reports the time required before a visible sign of ignition occurs by flame, spark or 
glow. However, though the glowing ignition (5-30% oxygen) or sparking ignition (50-80%) 
was followed by a development of a flame at 873 K preheated, the time required for the a 
visible flame to appear is also reported for these cases. 

                                                 
9 The ignition criterion used for the experimental values there reported is “first visible sign of ignition” (by 
flame, spark or glow) in the case of wood and “first visible sign of flame” in the case of wood. 
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a) Thin bed of wood pellets ∅ 8 mm, agent flow 10 Nm3/h 
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b) Single coal pellets ∅ 15 mm, agent flow 4 Nm3/h 

Figure 16 Ignition time as function of agent temperature for cases of different oxygen concentrations. 

 

Again, a clear difference in behaviour between lower temperature agents and high 
temperature agents was evidenced. At low agent temperature (873 K), the ignition time was 
highly dependent on oxygen concentration and in some cases failed to ignite within the time 
of observation of  (300 sec), as in was the case wood pellets, 5% oxygen, 873 K. At high 
agent temperatures, on the contrary, the ignition time was almost independent of oxygen 
concentration. As evidenced by the coal experiments, these differences in behaviour between 
high and low preheating temperatures, was less important in conditions of high oxygen 
concentration. In fact, if the oxygen concentration was atmospheric or higher, the ignition 
time was very short for all agent temperatures tested and the dependence on oxygen 
concentration at lower preheating temperatures much less evident. 

The development of a flame appeared to be faster in the case of coal than in the case of wood, 
at least for 1073 and 1273 K. It is however difficult to draw analyse this in terms of material 
properties due to the significant differences in experimental conditions (thin bed in 10 = 
Nm3/h agent flow in the case of wood, single pellets in 4 Nm3/h in the case of coal). For wood 
no analysis of eventual heterogeneous ignition of the char prior to the flame development was 
made so it was not possible to compare the reactivity of the char between these two cases. 
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A model for the prediction of the ignition time directly from the material properties and the 
agent properties was developed and its validation by data from the experiments with coal is 
shown in Figure 17. Details of the model and the value of the constants that fit the 
experimental data are presented in Supplement 1. It results clear that the model depicts well 
the different behaviour of the process in the tested temperature range. For example, it 
confirms the tendency of almost no influence of the oxygen concentration on the ignition time 
at high agent temperature (1273 K).  
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Figure 17 Dimensionless ignition time10 as function of the oxygen concentration for experiment performed 
with coal particles inserted into a flow of 4 Nm3/h of high temperature agents ( pellets ∅ 15 mm) 

5.1.4 Discussion 
Within the frame of the particle study, small scale experiments with wood and coal particles 
were performed in order to study three important aspects - mass conversion, heating and 
ignition - during the thermochemical conversion of solid fuels when inserted into highly 
preheated agents. 

An increase in agent temperature from 873 K to 1273 K was shown to speed up the 
conversion process, mostly due to an early onset of the devolatilisation (fast drying) but also 
due to an increased devolatilisation rate (at least in the case of wood). The higher the agent 
temperature, the more pronounced was also the tendency of the particles to heat significantly 
faster in oxygen diluted conditions (5,10 and 21% oxygen) than in inert (0% oxygen) or 
oxygen rich conditions (30, 50, 80 and 100% oxygen). Further, an increase in agent 
temperature was shown to reduce the dependency of the process on the oxygen concentration, 
particularly so in diluted conditions (5-21% oxygen). Particularly the time required for the 
development of a volatile flame went from a pronounced dependence on oxygen 
concentration at 873 K to close to independency at 1273 K. It was also shown, that for coal an 
increase in the oxygen concentration, specifically in the region above the atmospheric 
concentration, lead to a decreased dependency of the agent temperature. Further it was shown 
in the experiments that agent temperatures of 1073 and 1273 K led to the formation of a 
prompt formation of a volatile flame even in very low concentrations of oxygen. In fact, these 
                                                 
10 For the definition of the dimensionless time, se 4.1.2. 
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conditions coincide with those where the heating of the particles were particularly fast so the 
formation of a flame appears to increase the efficiency with which the particle is heated. 

From the results, it seems relevant to distinguish between “high” agent temperatures and 
“low” agent temperatures. The theoretical basis for this division in “high” and “low” 
temperatures of the agent is provided by the ignition concept as defined by Thermal 
Explosion Theory11. Figure 18 shows the a schematically representation of the heat generated 
by reaction of a globally exothermic reaction – as for example oxidative gasification – and the 
heat transported to or from the solid particle by convective heat transfer, both as function of 
particle temperature. The curve representing the heat generated by reaction as function of 
temperature is drawn with a classical Arrhenius formula and the curves representing the heat 
transported from the reactants by convection are drawn under the assumption of constant heat 
transfer coefficient. 

For a “low” temperature of the agent the reaction has three steady states (I-III) of which two 
are dynamically stable (I and III) and one is dynamically unstable (II). As can be seen in 
Figure 18b, a “low” temperature of the surroundings (the agent) thus results in a net cooling 
effect for lower particle temperatures. In order to ignite the particle, its temperature has to be 
increased above a certain level to bring the system towards the high temperature steady state 
(III). This means that additional energy is needed; the ignition has to be piloted. At these low 
surrounding (agent) temperatures, positive heat can be provided only by reaction and the 
ignition is reaction controlled. In real life operation, the heat released from easily ignited and 
highly exothermic reactions occurring in certain layers of the bed or the particle may serve as 
ignition source for less easily ignited reactions in others. The reactions that most readily ignite 
in oxidative gasification involve oxygen and the ignition becomes highly dependent on 
oxygen. 

When the temperature of the surroundings (the agent) is increased, the line of the transported 
heat is moved towards the right, as demonstrated in Figure 18. The operational point III 
moves progressively towards higher temperatures while the steady state I and II moves 
progressively towards each other. At a certain surrounding (agent) temperature, the points of 
operation I and II coincide. In this point, the line of the transported heat tangents the curve 
representing the heat generated by reaction. This surrounding (agent) temperature represent 
the minimum surrounding (agent) temperature allowing for a net heating of the particle 
regardless of particle temperature (for particle temperatures below the one corresponding to 
steady state III). This point defines ignition in TET theory. For surrounding (agent) 
temperature above no additional energy is needed for ignition of the process and it will 
rapidly move towards the high temperature steady state operation. The ignition of the global 
reaction network becomes controlled by the convective heat transfer from the agent. 

In base of the thermal explosion theory of ignition the agent temperatures can thus be 
theoretically divided in “high” and “low” delimited by minimum agent temperature to 
guarantee spontaneous ignition regardless of the particle temperature (for temperatures below 
III). It is important to note that the solid temperature at ignition is different from the critical 
agent temperature for ignition. Further, it should be noted that the minimum agent 
temperature to guarantee spontaneous ignition regardless of the particle temperature - depend 
on shape of the curves and line in Figure 18 i.e on the kinetics of the involved reactions (thus 
on the oxygen concentration) and on the heat transfer coefficient. This explains the 
differences observed differences in transition temperatures between different fuels. 
                                                 
11 A theory on ignition formulated by for example Semenov [72] and developed by for example Chen et al. [73].  
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Thus, for “low” agent temperatures i.e. in reaction controlled conditions, the heating of the 
particle and thus the drying and devolatilisation are slow and dependent on oxygen 
concentration. Thus the time required for the particle to ignite is high and highly oxygen 
dependent. 

If the temperature of the agent is “high”, and the process is convection controlled, the heating, 
drying, devolatilisation is fast and fairly independent of oxygen concentration, at least in 
moderate oxygen concentrations. Since the agent temperature is high enough to guarantee 
ignition, ignition is very fast even in very diluted conditions. The steady state temperature for 
char gasification/combustion is slightly less dependent on oxygen concentration and the 
heating rate during drying and devolatilisation is very high, at least if the concentration of 
oxygen is moderate. In these conditions there is a fast ignition by a volatile flame in diluted 
conditions which enhances the heating of the particle. The steady state 
gasification/combustion temperature is higher than at low agent temperature as predicted by 
theory (see steady state III for different agent temperatures in Figure 18a) which confirms the 
tendency in Figure 13a.  
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a) Heat generated by reaction and heat transported by convection as function of particle temperature. 
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Figure 18 Schematic figure of generated and transported heat as function of particle temperature. 
 

When very high oxygen concentrations are used, there is on the other hand not so clear 
distinction between “high” and “low” temperature regimes when it comes to agent 
temperature (at least in the temperature range tested) and the conversion process seems 
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always to be reaction controlled. Presumably this is because all the agent temperatures here 
tested are “high” for oxygen concentrations >30% under the particular conditions in these 
experiments. In the whole agent temperature range tested (873 – 1273 K), the conversion and 
ignition is very fast when the oxygen concentration has values higher than 50%.  

5.2 Gasifier study 
In the sections above the results from small scale experiments using high temperature agents 
of varying concentration was presented. In particular, it was shown that a high agent 
temperature results in a faster conversion process, a faster heating and a prompt ignition even 
in very oxygen diluted conditions. It was also shown that the process is less dependent on the 
oxygen concentration when high temperature agents are used. The difference in behaviour at 
“lower” and “higher” agent temperature was discussed in the light of classical TET theory and 
models for the prediction of ignition mechanism and ignition time from agent conditions were 
developed. In this section, the small scale phenomena observed will be put in relation with the 
behaviour of a fixed bed gasifier using highly preheated agents, most importantly air. For this 
scope, simulations of a batch fixed bed gasifier and experiments with a continuous fixed bed 
gasifier have been made, as described in section 4.2.1.  

5.2.1 Mass of the fixed bed as function of time  
Figure 19 (originally reported in Supplement 3) shows the mass of a fixed bed of wood pellets 
during high temperature gasification with air preheated to temperatures ranging from 300-
1873 K as predicted by the model described in section 4.2.1. As can be seen, the process is 
highly dependent on the air temperature. In particular, there is a clearly distinguishable 
increase in the mass loss rate between air temperatures of 623 K and 803 K, particularly 
evident during the devolatilisation (interpreted as the phase with the higher slope of the 
curve).  
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Figure 19 Influence of air temperature and flux on the mass left on bed with 20 kg of wood pellets 12 mm 
size, and 50 Nm3/h of air flow rate. Originally reported in Supplement 3. 
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5.2.2 Devolatilisation front rate  
Figure 20 (originally reported in Supplement 3) shows the devolatilisation front rate12 in 
kg/(m2s) as function of the preheating temperature of the preheated air. The devolatilisation 
front rate reflects the progress of the devolatilisation front along the bed. It depends not only 
on the devolatilisation rate of the single particles in the bed but also on the time to onset of the 
devolatilisation and the ignition of these.  

In the reaction front, a balance among heat generation by combustion of volatiles and char, 
heat transfer to unburnt fuel and convective heating by the hot air-flow rate is achieved. The 
variations of the devolatilisation front rate with the operational parameters are in fact a 
reflection of changes in the relative contributions by heat generation by combustion and heat 
transfer from the hot agent in this balance. When preheated air is used, a preheating front 
forms and moves along the bed. The moisture evaporation rate is enhanced by increasing air 
temperatures. The increase of the devolatilisation front rate partly results from the low-
moisture content in front of the ignition front partly due to increased rate of devolatilisation as 
demonstrated in Figure 8a and presumably also aided by an early ignition of the volatiles 
(Figure 16a) and the resulting high heating rates (as demonstrated for coal in Figure 13) of the 
wood particles in diluted conditions. 

As in the case of the devolatilisation rate of wood reported in Figure 8, the devolatilisation 
front rate is positively dependent on agent temperature. Further, like in the particle study, a 
distinction between reaction controlled and convection controlled devolatilisation of the bed 
can be made. Though more agent temperatures are simulated than those three tested in the 
particle study, the transition from “low” agent temperatures (reaction controlled conditions) 
and “high” agent temperatures (convective controlled conditions) can be distinctly identified 
as a zone around the minimum agent temperature to guarantee spontaneous ignition regardless 
of particle temperature, which in this case appears to be located between 623 K and 803 K. 

As can be seen, the devolatilisation front rate depends more or less linearly on the air 
temperature, both in reaction controlled conditions and in convective controlled conditions, 
with a slightly higher dependence in convection controlled conditions. The largest increase in 
devolatilisation front rate occurs however when the process goes from being reaction 
controlled to convection controlled, i.e. in proximity to minimum agent temperature that 
guarantee spontaneous ignition regardless of the particle temperature. 

When the air temperature is lower than the minimum agent temperature to guarantee 
spontaneous ignition regardless of particle temperature, the heat generated by fuel oxidation is 
used to improve the temperatures of both the gas phase and unburnt fuel. Under such 
conditions, the amount of heat required to preheat gaseous and unburnt fuel decreases linearly 
with increasing air temperatures, which cause the devolatilisation front  rate to increase 
linearly as shown the first part (up to approximately 700K). If the air temperature is further 
increased to the minimum agent temperature to guarantee spontaneous ignition regardless of 
particle temperature or slightly above, the agent does not have to be heated before ignition 
occurs. Thus, the devolatilisation front rate increases rapidly. Further on, at agent 
temperatures higher than the ignition temperature of the biomass fuel, the heat available as 
sensible heat also increases linearly with increasing air temperature. This leads to a linear 
increase of the devolatilisation front rate for increasing agent temperatures. Additionally, 
higher air temperatures improve the rate of heat generated by fuel oxidation and heat 
conduction to unburnt fuel. This is one of the reasons for slope being higher than for lower air 

                                                 
12 In Supplement 3 the devolatilisation front rate is referred to as ignition rate, however, here devolatilisation rate 
is used in order not distinguish it from ignition as the visual evidence of combustion as flame, spark or glow.   
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temperatures (below the minimum agent temperature to guarantee spontaneous ignition 
regardless of particle temperature). 

In reasonable accordance with what concluded from the particle study, Figure 21a shows the 
how the devolatilisation front rate depends weakly on the oxygen concentration (here reported 
for the range from 10-35%) in the convection controlled regime. Further, there seems to be 
only a week dependence on air flow in this regime, as evidenced by Figure 21b. 
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Figure 20 The influence of air temperature on the devolatilisation front rate (“ignition rate”) in the batch 
gasification of wood pellets (∅ 12 mm) with an air flow rate of 50 Nm3/h. Originally reported in 
Supplement 3. 
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a) Influence of oxygen concentration b) Influence of air flow rate 

Figure 21 Devolatilisation front rate (“ignition rate”) as function of Air flow rate and oxygen 
concentration for batch gasification of wood pellets (∅ 12 mm) with air preheated to 803 K. Originally 
reported in Supplement 3. 

 

5.2.3 Temperature distribution in the fixed bed  
Figure 22 shows the temperature/profile in the fixed bed batch gasification as predicted by the 
model described in section 4.2.1, for one low temperature case i.e. reaction controlled 
conditions and one high temperature case, i.e. convection controlled conditions.  

As can be seen, the temperature profile is much more uniform in the latter case, while the first 
case is characterized by steep in/bed gradients. This result confirms that a suitable name for 
the technology using highly preheated agents for solid fuel gasification is “Thermally 



 42

Homogeneous Gasification”. Uniform temperature profiles enhance heat transfer, thereby 
decreasing the residence time of the biomass. 
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a) Air temperature of 623 K 
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b) Air temperature = 973 K 

Figure 22 Temperature profiles of Gas (TG) and Solid (TS) at different height in the gasifier at the case 50 
Nm3/h air flow rate, with 20 kg of wood pellets 12 mm size. Originally reported in Supplement 2 and 3. 
 

5.2.4 Features of the thermally homogenous fixed bed gasification  
Gas quality and yield  
As is shown in Figure 23, originally reported in Supplement 3 both modeling and 
experimental data suggests that an increased agent temperature gives higher concentrations of 
CO and H2 in the product gas with the largest increase between 623 K and 803 K. This 
correspond to the temperature range when the devolatilisation front rate goes from being 
reaction controlled to being controlled mainly by convective heat transfer from the preheated 
agent (as reported in Figure 20). 

The experimental results reported in Figure 23 are relative to batch operation. However, high 
concentration of combustible gases in the product gas were also obtained in continuous 
operation as demonstrated in Figure 24 relative to experiments with wood pellets in an updraft 
fixed bed with highly preheated air as gasifying medium. As can be seen, relatively high 
concentrations of H2, CO and CH4, resulted in LHVs of the dry gas between 8 and 9 MJ/Nm3, 
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which is very high for air gasification. It can also be seen that very high concentration or H2 
was obtained for high steam to biomass ratios. 

The experiments with RDF reported and discussed in Supplement 4 also showed that 
thermally homogenous gasification operating in continuous mode has the ability to produce 
gas with a high fraction of combustible compounds. In the case of RDF, a high fraction of 
short chain hydrocarbons (in particular C2-hydrocarbons), presumably products from the 
decomposition of the plastic fraction of the fuel, gave even higher heating values of the dry 
product syngas above 9 MJ/Nm3 under suitable conditions.  

In the updraft configuration used in these experiments, the above bed temperature has a large 
importance for the concentration of tar in the product gas. In fact, as is shown in Supplement 
4 (Figure 4), some characteristic product rations above the bed indicate that the total tar yield 
decreases with increasing above bed temperature. The use of highly preheated agents for 
thermally homogenous gasification is likely to provide high enough temperature above and 
along the bed to guarantee low tar concentration in the products gas even in the updraft 
configuration.  

Also the gas yield is positively influenced by the high conversion rates obtained in the 
thermally homogeneous gasifier. The gas yields reported in Supplement 4 were in fact gas 
very high, ranging between 2.56 Nm3/kg and 3.40 Nm3/kg for gasification of RDF with high 
temperature air (1672 - 1873 K) and equivalence ratios between 0.19 and 0.25. The positive 
effect of increasing agent temperature on the gas yield has also been demonstrated for 
miscanthus, this time in small scale operation (Figure 25).  

The thermally homogenous gasification technology has also been tested with mixtures of air 
and steam gasifying agent. The effect of steam addition in the gasification of RDF is 
discussed in detail in Supplement 4. In brief, steam addition as expected increased the H2-
content of the product gas but resulted in significantly decreased gas yield (Figure 5 in 
Supplement 4) and tar yields (Figure 6 in Supplement 4) but more experiments are needed to 
understand the influence of steam addition since fuel is probably accumulating inside the 
reactor due to too high fuel feed.   
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Figure 23 The product gas composition as function of the air temperature for batch gasification of 
biomass (∅ 12 mm). Comparison between experimental and simulated data. 
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c) Concentration of methane  d) Lower heating value 
Figure 24 Gas quality as function of the steam to biomass ratio for continuous gasification of wood pellets 
(∅ 8 mm) in 0.5 MWth upfraft fixed bed gasifier with mixtures of air and steam.  Different conditions 
obtained varying fuel feeding rate, agent flow rate and agent composition. 
 
 

 
 
Figure 25 Gas yield as function of temperature. Experiments performed with a thin bed of Miscanthus 
pellets (∅ 6 mm) inserted into high temperature agents. 
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Gasification efficiency  

The conditions of the thermally homogeneous bed enhance the formation of product gas and 
leads to an efficient transfer of energy from the solid fuel to the product gas. Well above a 
fraction of 0.9 of the chemical energy in the fuel could be transferred to the gas phase as is 
shown in Table 4. However, in order to compare the efficiency of the Thermally 
Homogeneous Gasifier to the efficiency of gasifiers using no preheating of the agent, the 
efficiency should be calculated in the base of the sum of chemical energy in the feedstock and 
the sensible and latent heat brought by the agent as in Figure 26. As can be seen, efficiencies 
ranging from 0.81 to 0.87 and from 0.66 to 0.88 were obtained for air gasification of RDF 
pellets and wood pellets respectively.   

 
Table 4 Chemical energy in the solid fuel and chemical energy in the product gas for experiments with 
wood pellets and RDF performed in the experimental equipment described in section 4.1.3. 

 LHVproduct gas  

[MJ/kgsolid fuel] 

LHVsolid fuel  

[MJ/kgfuel] 

Wood pellets, ER = 0,21; Toxd = 1873 K 18,7 

Wood pellets, ER = 0,14; Toxd = 1873 K 17,6 

Wood pellets, ER = 0,13; Toxd = 1873 K 18,6 

Wood pellets, ER = 0,11; Toxd = 1873 K 13,7 

Wood pellets, ER = 0,10; Toxd = 1873 K 14,2 

18,92 

RDF pellets, ER = 0,25; Toxd = 1673 K 26,9 

RDF pellets, ER = 0,24; Toxd = 1673 K 25,2 

RDF pellets, ER = 0,19; Toxd = 1673 K 24,4 

27,6 
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Figure 26 Gasification efficiency (for definition see 4.1.3), as function of equivalence ratio for experiments 
with fixed bed gasification of RDF with agents preheated 1873 K. 
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5.2.5 Discussion  
Simulations and experiments with fixed bed gasification of wood pellets and RDF using 
highly preheated agents were performed in order to study the influence on the bed and the 
effect on gas quality.  

It was shown that the conversion process was faster the higher the air temperature. In 
particular somewhere between air temperatures of 623 K and 803 K the process behaviour 
changed. In fact, the devolatilisation front rate was significantly increased with agent 
temperature in this region while it increased less sharply with air temperature below and 
above this temperature window. The temperature distribution in the bed showed less gradients 
at high temperature (> 803 K) than at low temperatures (< 623 K).  

In accordance with the results from the particle study, the division of the agent temperatures 
in “high” and “low” – delimited by the minimum agent temperature to guarantee spontaneous 
ignition regardless of the particle temperature - finds validity also for entire fixed beds.  

For “low” agent temperatures, the devolatilisation front rate is relatively slow and linearly 
increasing with agent temperature. The devolatilisation front rate is controlled by the reaction 
heat release and the bed is characterized by steep temperature gradients.  

Around the minimum agent temperature to guarantee spontaneous ignition regardless of the 
particle temperature, the process becomes progressively less dependent on the heat released 
from the reactions. As the sensible heat provided by the agent is enough to guarantee a 
spontaneous and prompt ignition, the devolatilisation rate increases rapidly and the process 
transits to a regime in which in the devolatilisation is controlled by the convective heat 
transfer. 

For “high” agent temperatures, the devolatilisation front rate is high, thanks to a prompt 
drying and ignition of volatiles even in very diluted conditions (as demonstrated in the 
particle study), only weakly dependent on oxygen concentration and linearly dependent on 
agent temperature. The high devolatilisation front rate and a supposedly prompt ignition of 
the volatiles results in high bed temperatures and a more uniform temperature distribution 
along the fixed bed: The gasification can be said to be “thermally homogeneous”. This is 
different to the situation in a conventional fixed gasifier bed where higher temperatures 
created by increasing the air-to-fuel ratio creates increased temperature differences between 
different zones along the bed axis, something that indicates that the increased heat released in 
the oxygen rich zones is not paying off fully in other zones of the bed.  

In several experiments performed in both batch and continuous updraft fixed bed mode, it was 
shown that the Thermally Homogenous Gasifier can produce relatively high yields of product 
gas with relatively high fractions of combustible gases and low content of tar (thanks to high 
temperatures all along the bed and ignition of the volatiles even in very diluted conditions). If 
was also shown that if steam was used in the agent, the content of hydrogen in the dry product 
syngas increased further. The efficiency of the thermally homogeneous gasification, even 
when the extra heat input in the preheated agent was considered in the computation of the 
gasification efficiency, is comparable to those of conventional gasification.  
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5.3 The homogeneous fixed bed gasifier in an energy system  

5.3.1 The autothermal twin components system for thermally 
homogeneous gasification 

In the previous section a particle study and a gasifier study has shown that the use of agent 
preheated above the minimum agent temperature that guarantees spontaneous ignition 
regardless of solid fuel particle temperature has several advantages for example in terms of 
syngas quality. It was also shown that operating in these conditions reduces the temperature 
gradients in the fixed gasifier bed and a suitable name for the technique is thus Thermally 
Homogeneous Gasification. 

The Thermally Homogeneous operation requires a high level of preheating of the agent. Thus, 
the gasifier itself has to be coupled to a system for preheating, for example by direct 
combustion in the agent or by the use of regenerative heat exchanger like the one used in the 
experiments performed. For an autothermal system, intended as a system which only energy 
input is as solid fuel, part of the product gas could be combusted in the regenerative preheater.  
Such a twin component concept is presented in Supplement 2, Figure 1. It is obvious that the 
introduction of the preheater influences the energy and exergy efficiency of the gasification 
system. Moreover, the energy balance and the temperatures of the heat exchanging flows will 
delimit the theoretically possible regions of operation for an autothermal system of the sort 
presented in Supplement 2.  

In order to investigate the thermodynamic limits of an autothermal system for thermally 
homogeneous gasification, three temperatures - all function of the equivalence ratio – have to 
be considered. These temperatures, calculated for chemical equilibrium for cellulose in air, 
are plotted in Figure 27 (originally reported in Supplement 5 where also al the assumption on 
which the calculations are based are to be found). The gasifier temperature represents the 
minimum temperature the gasifier has to be brought to guarantee complete gasification of 
cellulose. The air temperature represents the temperature to which the gasification air has to 
be brought to guarantee that the gasifier reaches the minimum gasification temperature. It is a 
steep function of the equivalence ratio since the less air that is used per unit cellulose, the 
higher air temperature is needed to create a certain reactor temperature. The adiabatic 
combustion temperature represents the maximum temperature that can be reached in the flue 
gases from combustion of the product syngas from complete gasification at a certain 
equivalence ratio.  

As can be seen in Figure 27, there exists an equivalence ratio above which, no preheating of 
the air is needed to guarantee complete gasification of the feedstock; the heat released by the 
oxidative reactions alone guarantees high enough adiabatic gasifier temperatures. For lower 
equivalence ratios, two regimes can be distinguished:  

I: Autothermal operation of the gasification of the system requires preheating of the air but the 
necessary temperatures of the gasification air are low enough to be obtainable by heat 
exchange between hot produced syngas and the incoming air, at least in an ideal heat 
exchanger. Operation is theoretically thus possible with a system like the one in Figure 28a, 
originally reported in Supplement 5. 

II: Autothermal operation is thermodynamically possible only if a part of the product gas is 
burned to produce the necessary heat. Operation is possible with a system like the one in 
Figure 28b, originally reported in Supplement 5. The region of operation is delimited above 
by the adiabatic combustion temperature. In fact, above this temperature heat exchange is no 
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longer possible since the required air temperature is higher than the temperature of the flue 
gases from combustion of part of the product gas. 

The regimes identified in Figure 27 are relative to conditions hardly realized in a real life 
gasifier. For any real life gasifier, also those using other gasifying media than air, it will, 
however, be possible to draw similar plots, thus identifying a region of autothermal operation 
in which part of the produced gas is combusted in order to operate autothermally with 
combinations of equivalence ratio and air temperatures that would else have been impossible. 
From what concluded in the previous paragraphs, such high temperatures of the agent are 
indeed needed to operate in the region where devolatilisation and ignition are “convection” 
controlled in order to obtain the thermally homogeneous character of the fixed bed and the 
associated benefits.  
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Figure 27 Different regimes of autothermal operation for a HITAG system where the product gas may 
exchange sensible and chemical heat ideally with the agent.  
 



 49

 

Air

3 Gasifier1 Sensible Heat
Exchange

3

Producted
syngas

G
asification

A
ir

Biomass

1

 
a) 

 
 

2

Air Exhaust Gas

3 Gasifier2 Chemical Heat
Exchange

1 Sensible Heat
Exchange

3

Producted
syngas

C
om

bustion
A

ir

G
asification

A
ir

Biomass

1

 
b) 
 
 

Figure 28 Autothermal systems for thermally homogenous gasification using high temperature air.  
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5.3.2 Thermodynamics of the autothermal HTAG system: 
Given a chosen “minimal” condition for the gasifier temperature (for example the criteria 
“complete gasification of cellulose” used in Figure 27) a decreased equivalence ratio coupled 
with the required increase in air temperature will increase the heating value of the produced 
gas, partly due to alteration of the chemistry but more importantly due to decreased dilution 
by nitrogen. This effect is described in Supplement 5, Figure 3 where it can be seen that the 
heating value of the product gas was increased almost linearly with increasing air 
temperature. Thus, energy and exergy density of the produced gas is positively influenced 
with increasing the energy value (in terms of High Heating Value HHV) and the exergy value 
of the dry produced syngas with increasing gasification air temperatures (and correspondingly 
decreased equivalence ratios). There exist a theoretical thermodynamic maximum of these 
values corresponding to a preheating temperature of the air equal to the adiabatic combustion 
temperature of the produced syngas. For cellulose those are 9.2 and 10.8 MJ/Nm3 for energy- 
and exergy value respectively. 

The energy balance of the of the autothermal system (as a whole) expressed as energy per 
mole supplied fuel as function of the air temperature is shown in Figure 29 (taken from 
Supplement 5. It can be seen how the preheating of the gasification air to temperatures high 
enough to obtain thermally homogeneous characteristics of the bed, does not affect the 
content of chemical energy in the product gas to a significant extent. Thus the global energy 
efficiency (fuel to product gas) is not significantly decreased by the operation with a 
regenerative preheating system, at least not in an ideal system. With respect to a conventional 
gasifier, the twin component system can be viewed as a separation of combustion flue gases 
from the gasification product syngas. In this way the value of the product gas increases due to 
a higher concentration of combustion gases while the global efficiency of the system 
decreases very little.   

In gasification exergy is inevitability lost when chemical energy is converted into heat. 
Exergy is also lost when heat is exchanged and product gas combusted in the additional 
equipment. How much exergy is lost depends on to what extent the feedstock is oxidized, how 
much heat is exchanged and how much product gas is combusted (not considering thermal 
losses, like in this case). This is demonstrated in Figure 30 where the exergy of the system 
flows (relative to the systems in Figure 28) are shown as function of the air temperature. As 
can be seen, the exergy lost – or irreversibility produced - is decreased by an increased 
temperature of the preheated air. In the high temperature region, where combustion of part of 
the product gas is required to obtain the high air temperatures, increase if the exergy loss 
relative to the combustion of the product gas is negligible. In an ideal system, in fact, the 
irreversibility produced by the heat exchange and combustion of part of the product gas are 
small compared to the irreversibility produced by the gasification itself. This is evidenced in 
Figure 7, Supplement 5, where it can also be seen that the irreversibility produced in the 
gasification is continuously decreasing with increasing temperature of the preheated air. 

For the system as a whole the energy flows associated with the additional combustor and heat 
exchanger are comparatively small. The exergy lost in the additional equipment in response to 
an increased air temperature are balanced by a decreased loss of exergy in the gasifier itself. 
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Figure 29 The energy balance of on the temperature of the air in an authothermal Thermally 
Homogeneous Gasification system at equilibrium operating with the lowest possible air temperature for a 
given air-to-fuel ratio necessary to guarantee complete gasification of cellulose. Region I and II relative to 
those identified in Figure 25.   
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Figure 30 The exergy balance of on the temperature of the air in an authothermal Thermally Homogenous 
Gasification system at equilibrium operating with the lowest possible air temperature for a given air-to-
fuel ratio necessary to guarantee complete gasification of cellulose.  Region I and II relative to those 
identified in Figure 25.   
 

5.3.3 Discussion  
A thermodynamic analysis was made in order to investigate the influence of the agent (air) 
preheating on the energy and exergy balances of an autothermal system for thermally 
homogeneous gasification using wood fuel.  

To operate a tthermally homogeneous gasification, air temperatures above the lowest agent 
temperature that guarantees spontaneous ignition regardless of fuel particle temperature are 
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required. Such high temperatures cannot be obtained by heat exchange between the air and 
product gas. In an autothermal system, part of the product gas has to be burned, for example 
in a regenerative heat exchanger to obtain such high temperatures of the gasification air.   

Operation with a system using part of the chemical heat in the produced gas to heat the 
gasification air temperature allows for decreased air – to – fuel ratios and thus for an 
increased heating value of the produced gas, mainly thanks to decreased dilution by nitrogen. 
At the same time, the global efficiency of the autothermal system, both in terms of energy and 
exergy, is very little affected by the additional combustion of product gas.  

Thus the thermally homogeneous gasification is a technology that permits to increase the 
energy- and exergy values of the produced syngas without compromising with the efficiency 
of the system as a whole.  
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6 Conclusions 
The subject of this thesis has been the use of highly preheated agents for the gasification of 
solid fuels, a process which the thesis refers to as Thermally Homogeneous Gasification in 
accordance with the obtained results. The main focus has been the influence of the high agent 
temperature on the mass conversion, heating, ignition, devolatilisation front rate, bed 
temperatures and gas quality. In addition a concept for autothermal system using highly 
preheated air as gasifying agent and its thermodynamics investigated. A particle study, a 
gasifier study and a system study was performed. 

The particle study reported results from experiments in small scale with wood and coal and 
agents consisting of mixtures of nitrogen and oxygen in various proportions. It was shown 
that  

 an increase in agent temperature from 873 K to 1273 K led to a faster 
conversion process, mostly due to an early onset of the devolatilisation (fast 
drying) but also due to an increased devolatilisation rate (at least in the case of 
wood).  

 that the higher the agent temperature, the higher was also the tendency of the 
coal particles to heat significantly faster in oxygen diluted conditions (5,10 and 
21% oxygen) than in inert (0% oxygen) or oxygen rich conditions (30, 50, 80 
and 100% oxygen). In these conditions, the fuel particles tended to ignite by 
the prompt development of a flame. 

 an increase in agent temperature was shown to reduce the dependency of the 
process on the oxygen concentration, at least in diluted conditions (5-21% 
oxygen). Particularly the time required for the development of a volatile flame 
went from a pronounced dependence on oxygen concentration at 873 K to 
close to independency at 1273 K.  

 for coal an increase in the oxygen concentration, specifically in the region 
above the atmospheric concentration, lead to a decreased dependency of the 
agent temperature.  

 it was shown in the experiments with agent temperatures of 1073 and 1273 K 
led to the formation of a prompt formation of a volatile flame even in very low 
concentrations of oxygen.  

The gasifier study reported results from simulation of batch gasification and experiments in a 
continuous up-draft fixed bed gasifier with wood and waste derived fuel. It was shown that  

 the conversion process was faster the higher the air temperature. In particular 
somewhere between air temperatures of 623 K and 803 K the process 
behaviour changed. In fact, the devolatilisation front rate was here significantly 
increased in this region while it increased less sharply with air temperature 
below and above this temperature window.  

 The temperature distribution in the bed showed less sharp gradients at high 
temperature (> 803 K) than at low temperatures (< 623 K).  

 the use of highly preheated air for the gasification of biomass and waste 
derived fuels can produce - in continuous mode – relatively high yields of 
product gas with relatively high fractions of combustible gases and probably 
also low content of tar (presumably thanks to high temperatures all along the 
bed and ignition of the volatiles even in very diluted conditions).  
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 the efficiency of the gasification under these conditions, even when the extra 
heat input in the preheated agent is considered in the computation of the 
gasification efficiency, was shown to be comparable to those of conventional 
gasification techniques.  

 the use of steam in the agent could increase the content of hydrogen with 
respect to gasification with only preheated air.  

In base of the results from the particle study and the gasifier study, it was argued that there 
exists two regimes of operation in function of the agent temperature - – a regime 
corresponding to “high” agent temperatures” and one corresponding to “low” agent 
temperatures - with a transition zone in between. The regimes are separated by the minimum 
agent temperature to guarantee spontaneous ignition regardless of the particle temperature. 

When agent temperature is “low”, the conversion process is controlled by the heat released by 
reaction. The heating and devolatilisation are relatively slow and it takes considerable time 
before the sample ignites, at least if the oxygen concentration is moderate. The dependence of 
the process and ignition on the oxygen concentration is considerable. In a fixed bed operation 
this regime of operation is characterized by relatively low devolatilisation front rates and 
significant temperature gradients in the bed.  

When the agent temperature is “high” the conversion process is controlled by the convective 
heat transfer from the preheated agent. The heating and devolatilisation of the particles are 
very fast and the released volatiles ignite spontaneously and fast even in diluted conditions. 
This results in very efficient heat transfer to the fuel particles and the devolatilisation front 
rate becomes very high. In fixed bed operation, the devolatilisation front rate is significantly 
increased with respect to “low” agent temperature conditions. Thus, the temperature gradients 
in the bed are significantly reduced and the gasification can be said to be thermally 
homogeneous. Thanks to high rates of heat transfer and conversion, the value of the produced 
gas is increased with a higher concentration of combustible gases. The prompt ignition of the 
volatiles and the high temperatures all along the bed are likely to reduce the content of tar 
even in up-draft configurations giving the decreasing values of characteristic tar ratios 
observed. The high temperatures also allows for operation with reduced air – to – fuel ratios 
which further increased the value of the produced gas (thanks to less dilution by nitrogen).  

The system study concerned an autothermal system using highly preheated air as gasifying 
agent in a thermally homogeneous gasifier as defined above. Autothermal operation of a 
Thermally Homogeneous Gasifier is possible only in a twin component system in which the 
gasifier is coupled to a preheating system able to reach preheating temperatures above the 
ignition temperatures of the fuel. To reach such temperatures, heat exchange between product 
gas and agent is not enough and the preheating system has to improve the temperatures 
involved, for example by burning part of the produced gas in a regenerative preheater. It was 
shown that in such an autothermal thermally homogeneous gasification system, the gas 
quality can be significantly improved without losing energy and exergy efficiency to an 
appreciable extent. The exergy loss in the gasifier is reduced as the temperature of the air is 
increased and while the exergy loss increases in the additional preheating system.  

Thermally Homogenous Gasification is likely to have several advantages from an operational 
point of view. The uniform temperature profiles in the thermally homogeneous bed enhance 
heat transfer, thereby decreasing the residence time of the biomass. As a result, the thermally 
homogenous gasifier becomes relatively insensitive to variability in particle size, heating 
value, and moisture content typically found in biomass feedstock. Another operational 
advantage of a thermally homogeneous gasification system is that the flows involved can be 
reduced. Thus, the gasifier system can be built extremely compact even at atmospheric 
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pressure, thereby lowering the component cost. Additionally decreased flow of product gas, 
increased heating value and decreased content of tar in the product with give benefits for 
downstream equipment (gas cleaning, application in combustion in furnaces ecc). The prompt 
ignition observed for “high” agent temperatures are also likely to stabilise the reaction fronts 
even in a downdraft gasifier like the one modelled by Di Blasi [51] even at lower air-to-fuel 
ratios than otherwise needed. 

7 Suggestions for future work 
In the literature review part of the knowledge gap concerning the use of high temperature 
agents in gasification was evidenced. This thesis has addressed only few of the interesting 
issues. In order to make Thermally Homogenous Gasification a mature technology, much 
research is still needed. Some suggestions for future work on the subject are given here: 

 More detailed experimental evidence of the homogenous temperature profiles in the 
fixed bed gasification using high temperature agents could be useful.  

 It is important to find a suitable design for the Thermally Homogeneous Gasifier in 
order to benefit from all the possible advantages of an increased agent temperature 
above the minimum agent temperature to guarantee spontaneous ignition regardless of 
the particle temperature.  

 A possible operational disadvantage in Thermally Homogenous Gasification is that the 
introduction of additional equipment for the preheating of the agent introduces 
additional sources of heat and material loss. It will thus be necessary to investigate a 
suitable lay out for the gasifier and the whole twin component system so that the 
increased value of the product balances eventual increased losses in the even in 
practice.  

 A potential problem in Thermally Homogeneous Gasification is practical limitations 
due to material problems in the conditions of high temperature. This is an issue that 
has to be considered and solved.  

 Another area that needs to be further investigated is the role of steam in Thermally 
Homogeneous Gasification. Optimal operational conditions both in terms of energy 
efficiency and gas quality should be identified. 
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