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Abstract 

Residues from biochemical production of liquid transport biofuels will probably become available for energy 
use if more gasoline and diesel is substituted. For processes used in northern Europe they amount to 35-65 % of 
the feedstock energy and despite interest from energy companies, their fuel properties are largely unknown. 
Combustion-relevant material properties have been characterized and fuel-specific combustion properties 
determined for powder-, grate- and fluidized bed combustion.  Suitable combustion applications have been 
identified. A techno-economic evaluation of utilization of a selected residue for supplying process heat and 
electricity to the transport biofuel production, combined with sale of surplus energy has been done. Residues 
studied are rape-seed meal (RM) from biodiesel production, wheat distillers dried grain with solubles (wheat 
DDGS) from grain-based ethanol production and hydrolysis residue (HR) from wood-based ethanol production. 
For RM and wheat DDGS, mixtures with typical forest- and agricultural fuels were also studied. Combustion 
experiments were performed in a fluidized (quartz) bed (5 kW), an under-fed pellet burner (12 kW), and in a 
powder burner (150 kW).  

The calorific value for HR was higher than for wood, for RM and wheat DDGS it was similar to wood. More 
char was produced from HR, otherwise TGA results showed that thermal kinetics was similar to wood for all 
fuels. All pulverized residues had better feeding properties than wood powder. While RM and wheat DDGS ash 
contents were higher than for most common forest and also for some agricultural fuels,  HR mostly had very low 
contents of ash, alkali, Cl, S and N. RM and DDGS had high concentrations of S, N, K and P compared to most 
other biomass fuels. RM had higher Ca and Mg concentrations than DDGS. The Cl content of wheat DDGS was 
similar to wheat straw, while RM had a lower Cl content, similar to wood.  

Combustion of all pulverized residues was stable with CO emissions not higher than for wood powder.  While 
the bed agglomeration tendency of RM was low and comparable to many forest fuels the wheat DDGS bed 
agglomeration tendency was high and comparable to wheat straw. The K, P and Si contents of wheat DDGS 
formed layers of K-phosphates/silicates on the quartz grain particles, with low melting temperatures and 
therefore sticky, resulting in bed agglomeration. For RM, this effect was mitigated by the considerable Ca and 
Mg concentrations, making the layers formed less sticky, despite the high K and P concentrations. For basically 
the same reason, the slag formation tendency of RM was moderate and comparable to many forest fuels while 
wheat DDGS had a slag formation tendency which was even higher than for typical wheat straw. HR had very 
low bed agglomeration and slagging tendencies.  

For RM and wheat DDGS, emissions of NO and SO2 were generally high, for HR considerably lower. While 
HCl emissions for RM were low, they were relatively high for fluidized bed combustion of wheat DDGS. 
Particle emissions from  RM and wheat DDGS were generally high. For powder combustion of RM and wheat 
DDGS, particle emissions were 15-20 times higher than for wood. The particle emissions from combustion of 
HR were generally low. For fluidized bed- and grate combustion of RM the finer particles (< 1 μm) contained 
mainly alkali sulfates. RM addition to bark tended to lower the particle Cl concentrations, potentially lowering 
the risk of high-temperature corrosion. For fluidized bed combustion of wheat DDGS and wheat DDGS-mixtures 
the finer particles contained mainly K and S. The Cl concentrations of the fine particles in fluidized bed 
combustion were reduced when wheat DDGS where added to logging residues and wheat straw in fluidized bed 
combustion. In grate combustion the Cl- and P-concentrations in the finer particles during combustion of the 
wheat DDGS-mixtures were considerable higher than during fluidized bed combustion. The fine particles from 
powder combustion of RM mainly contained P and K, while they mainly contained K, P, Cl, Na and S from 
wheat DDGS (apart from C and O). 

A possible use of RM is as a sulfur-containing additive to biomass fuels rich in Cl and K in large-scale 
fluidized-bed and grate combustors for avoiding ash-related operational problems in fluidized beds and grate 
combustors originated from high KCl concentrations in the flue gases. Due to its high slagging and bed 
agglomeration tendencies, the best use of wheat DDGS may be to mix it with other fuels, preferably with high 
Ca and Mg contents (e.g. woody biomass fuels), so that only a minor fraction of the total ash-forming elements 
is contributed by the wheat DDGS. Because of their high N- and S contents, RM and wheat DDGS require 
applications with flue-gas cleaning, economically viable at large-scale. Powder combustion of RM and wheat 
DDGS should be used with caution, as potassium phosphate particles have low melting temperatures and could 
therefore increase the risk of deposit formation. Use of HR in small-scale pellet appliances is an interesting 
option due to low emissions, low ash content and low slagging tendency. While most large-scale combustion 
uses of HR would be feasible, the low ash and alkali contents and stable powder combustion of HR may be 
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better exploited in a combined-cycle process, as the alkali content can be kept sufficiently low for use in robust 
gas turbines, simplifying the gas cleaning.  

In the techno-economic assessment, residue (HR) was assumed to be combusted on site, to supply process 
steam and electricity to the liquid biofuel production (wood-based ethanol) with surplus residue either sold as 
solid fuel or used for additional heat and power generation. With a combined cycle to increase electricity 
production, a location with a large district heating base load is not needed. As electricity replaced is largely 
generated with fossil fuels, a combined cycle is significantly more effective as a climate mitigation measure than 
a steam-cycle only, with about 25 percent greater reduction in CO2 emissions per litre of ethanol produced. 
While it is generally accepted that energy use of the residue is important to the process economy and 
environmental benefits of ligno-cellulosic ethanol production, it can be concluded from this study that the choice 
of integrated process design has a significant impact on CO2 emissions.  
 
Keywords: Combustion, Combined heat and power, Biofuel residues,  Bioethanol, RME 
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1 Introduction 
 
This thesis concerns fuel uses of solid residual materials from biochemical production of 
liquid transport biofuels in northern Europe.  
 

1.1 Background 
 
To supply a growing world population with transport, heat and electricity, three major 
challenges must be faced in the near future:  
 
1.  The need to reduce greenhouse gas (GHG) emissions will increase the demand for non-

fossil energy, including biomass; 
2.  Non-fossil transport energy will be needed as the rising oil consumption of the 

industrializing countries outpaces supply; 
3.  Food production must be expanded for a growing population on a limited cultivated land 

area, despite the increased demand for energy crops.  
 
CO2 from fossil fuel use makes up more than half the global GHG emissions, and about half 
of the emissions from fossil fuels are caused either by transport or by generation of heat and 
electricity. 1 The emissions from these sectors are also growing rapidly.1,2  
 
One important way to reduce CO2 emissions from fossil fuels is to replace them with 
renewable fuels like biomass. This is happening both in the transport sector with a more than 
fourfold increase in transport biofuel production since 19903 and for power generation where 
the share of biomass is expected to double from 2006 to 2030 according to the IEA.3 Heat 
from power generation which is mostly wasted today could be increasingly utilized for space 
heating and industrial processes.2 Another factor contributing to an increasing demand for 
novel forms of transport energy, including biofuels, is that while the demand for transports is 
rising rapidly, the cheapest oil is being depleted, and extraction is shifting to less accessible 
resources.  
 
Liquid transport biofuels like biodiesel, ethanol, methanol, dimethyl-ether (DME) and 
Fischer-Tropsch diesel can use existing engines and infrastructure after minor modifications. 
While the yields of thermo-chemical biofuel production could be about 60% in energy terms, 
the yields of biochemical production of transport fuel are in many cases lower. For ligno-
cellulosic production of ethanol, which has by far the largest potential, the approximate 
ethanol yield is low, 35 % in energy terms.4 For crop-based biofuels it is higher, about 50% 
for wheat-based ethanol production5 and 45-65 % for rapeseed-based biodiesel production,6 
respectively. The modest yields make it economically and environmentally important how the 
rest is used. Although the residues currently produced in larger quantities from crop-based 
biofuel production have a use as livestock feed, further expansion of transport biofuel 
production may saturate this market. Using the materials for heat and power generation is an 
interesting option.  
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As biofuels made from crops have to compete with food uses, increased use of ligno-
cellulosic biomass (e.g. agricultural and logging residues) as raw materials is likely, resulting 
in even more residues.  
 
The demand for novel biomass fuels for heat and electricity generation is increasing. Again, 
there will be an increasing demand for raw materials other than crops as food consumption 
will continue to increase. Biomass fuels not conventionally used from organic waste streams, 
agricultural and forest residues are entering the market. As the fuel properties of these fuels 
are largely unknown, fuel characterization is needed to make large-scale use feasible. 
Traditional methods for fuel characterization have been developed mainly for coal and 
therefore procedures adapted specifically to solid biomass fuels are needed.  
 
Residues from biochemical transport biofuel production are potentially important fuels for 
heat and power generation. The supply may increase enormously as liquid biofuels replace 
gasoline and diesel in the transport sector. It has been estimated that the Swedish market for 
ruminant feed can be supplied with by-products from the production of 2-3 TWh of grain-
based ethanol (about 5 percent of current gasoline use), and for any further production, other 
uses like combustion or biogas production through anaerobic digestion will be needed.7 For 
this reason, energy companies have shown interest in these materials. The fuel and 
combustion properties of these materials are incompletely known, as are the economic 
viability, GHG mitigation impact and other environmental consequences of different energy 
applications.  
 

1.2 Aim 
 
The aim of the thesis is to characterize fuel and combustion properties of solid residues from 
biochemical transport biofuel production, and to suggest suitable applications for heat and 
power generation.  
 
This will be elaborated in section 3, after a review of transport biofuels and the use of biomass 
fuels for heat and electricity generation.  
 

1.3 Outline 
 
This thesis is based on seven papers, all focusing on fuel uses of solid residual materials from 
biochemical production of liquid transport biofuels in northern Europe (Sweden). They cover 
different parts of the subject, as shown in figure 1. The production technologies considered 
are either in commercial use or in an advanced stage of development, that is at least 
demonstrated on a pilot scale. 
 
To replace fossil fuels for heat and power generation with biomass fuels, new kinds of 
biomass have to be used as the conventional ones are already fully utilized. As these fuels are 
unfamiliar and may be troublesome to handle, feed and combust, and cause ash-related 
operational problems, methods for characterizing their fuel and combustion properties are 
needed. Traditionally, characterization methods have mostly been developed for coal. A 
survey of recent characterization methods adapted for biomass fuels is therefore provided in 
Paper 1.  
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Figure 1. Outline of the thesis 
 
 
Some relevant characterization methods are applied to the residual materials from transport 
biofuels. The most common fuel in Europe is biodiesel, mainly produced from rapeseed oil. 
Fuel and combustion properties of rapeseed meal (RM) from rapeseed oil production are 
studied. One of the most common types of combustion equipment for biomass in Sweden is 
fluidized beds, where the ash-chemical behavior of biomass fuels is a concern. The ash 
transformation of RM, and mixes of RM and woody fuels, are therefore studied in Paper 2. 
Grate combustion and powder combustion are other important applications, and these are 
included in Paper 3, together with a comprehensive survey of fuel properties from several 
European manufacturers. Gaseous and particle emissions are also determined.  
 
Globally, ethanol is a far more common transport biomass fuel than biodiesel. While it is 
produced from sugar in the tropics, in temperate parts of the world it is produced from starch 
crops like corn/maize and wheat. As only about 50 percent of the energy content of the grain 
can be converted to ethanol, it is important how the rest is used. Fuel and combustion 
characterization of wheat dried distillers' grain with solubles (wheat DDGS), the most 
abundant residual mass flow, is presented in Paper 4.  
 
An inherent drawback to grain-based ethanol production is that it uses feedstocks which are 
mainly grown to provide food. By making ethanol from ligno-cellulosic materials, not only 
could the wheat straw and other agricultural residues be used, but also wood, logging residues 
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and other woody biomass. For woody feedstocks, the ethanol yield is even as low as 35 
percent (on an energy basis), and the main lignin-rich ash-depleted residue fraction is of great 
interest for renewable heat and electricity generation. As lignin may be difficult to ignite, 
thermo-gravimetric (TGA), described in Paper 5, was used to provide information of ignition 
properties at moderate heating rates (e.g. grate firing), to facilitate the selection of suitable 
applications.  
 
In powder combustion where the particle diameters are measured in micrometers rather than 
millimeters and the temperatures are high, TGA results cannot be applied. Ignition and flame 
stability were therefore of concern. A test with small-scale combustion of hydrolysis powder 
was therefore made to characterize the fuel specific combustion properties, and this is 
described in Paper 6.  
 
Since heat and electricity production using the hydrolysis/fermentation residue from ligno-
cellulosic ethanol production is clearly an option, integrated either with the ethanol plant or 
elsewhere, a techno-economic feasibility study of four production options is appended as 
Paper 7. As the results of the characterization of the hydrolysis/fermentation residue suggests 
that combined-cycle electricity generation is a possible use where its specific properties are 
utilized, one such alternative was included.  
 
Only residues from biochemical production processes are studied, and thermo-chemical 
processes are outside the scope of this work. The study is focused on major process streams 
and residues produced in smaller quantities, like glycerol from biodiesel production, are not 
considered.  
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2 Previous work 
 
Probably as a result of human activities, the global average surface temperature has risen by 
0.4 to 0.8 ºC since the late nineteenth century,8 already affecting natural biological systems 
measurably9 and without mitigation a temperature increase between 3 and 6 ºC above the pre-
industrial level is likely.9 Rising sea levels, increasing frequencies and intensities of extreme 
weather events, droughts (western US, north-eastern Brazil and southern Africa), reduced 
agricultural productivity and enlarged periodically flooded areas (Ganges-Brahmaputra, Nile 
and Mekong deltas) are among the likely consequences.8 All in all, the resulting climate 
change could displace millions of people.9
 
While naturally present in the Earth's atmosphere and essential for keeping the surface 
temperature sufficiently high for life to prosper, the large anthropogenic increases of 
persistent GHGs cause global warming. GHGs of concern include carbon dioxide (CO2), 
methane (CH4), nitrous oxide (N2O) and fluorinated greenhouse gases (F-gases, e.g. 
chlorofluorocarbons and hydrochlorofluoro-carbons). As shown in figure 2, CO2 from fossil 
fuel contributed more than half of the total GHGs in 2004, measured as CO2 equivalents. The 
atmospheric concentration of CO2 has increased from about 280 ppm in pre-industrial times to 
about 379 ppm in 2005, and calculated values of the resulting radiative forcing agree with the 
observed changes.10  

% CO2 equivalents 2004

CO2, 
deforestation, 

biomass 
decay
17%

F-gases
1%N2O

8%

CH4

14%

CO2, other
3% CO2, fossil 

fuel use
57%

 
Figure 2 Relative contributions of different gases to the anthropogenic greenhouse gas effect.1
 
According to the International Panel on Climate Change (IPCC), there is a 50 percent chance 
that the global temperature rise can be limited to an average of 2ºC, if the atmospheric CO2 
concentration can be stabilized at 450 ppm.1 Given that our current margin to 450 ppm is less 
than what has already been accumulated in the atmosphere, and that the use of fossil fuels has 
been growing fast for decades, this is clearly a challenge. Furthermore, the growing middle-
class in developing countries has increased the demand for fossil fuels. For instance, China 
and India both increased their use of petroleum products and coal by between 4 and 5 times 
from 1980 to 2008.11 There is no reason that this trend will not continue as the energy use of 
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large parts of the world population is still comparatively low. Despite the recent rise in energy 
use in developing countries, the European per capita consumption of oil was more than three 
times times higher than the Chinese, and more than seven times higher than the Indian in 
2007.12, 13 As ever more people claim their share of energy-demanding goods and services 
produced in the world, reducing CO2 emissions from energy use will become more important.  
 
 
Substituting fossil fuels for transport and heat and electricity generation 
Two major sources of greenhouse gas (GHG) emissions are 1) transport and 2) generation of 
heat and electricity, amounting to 23 and 27 percent, respectively, of fossil CO2 emitted 
globally in 2004.1 In 2004 the oil use for transport was 77.9 EJ.14 For generation of heat and 
electric power, 12.2 EJ of oil, 36.6 EJ of natural gas and 79.9 EJ of coal were used.2  
 
GHG emissions from these sectors are also growing fast. For the transport sector where 95 
percent of the energy use is petroleum, GHG emissions are expected to grow at 2 percent per 
year in a business-as-usual scenario, resulting in CO2 emissions by 2030 which are 80 percent 
above the 2002 level.1 Without proper action, GHG emissions from heat and electric power 
generation are expected to grow by 40 percent up to 2030 (compared to 2006).2  
 
One important way to reduce CO2 emissions from fossil fuels is to replace them with other 
energy carriers. Reduced CO2 emissions can also be achieved by many other means. Energy 
conversion efficiency can be improved, e.g. by achieving higher electric and thermal 
efficiencies in heat and power plants, and increased use of combined heat and power (CHP) 
where the heat from power plants is utilized. End-use efficiency can also be improved, by 
gradually switching to more efficient vehicles, lighting, electric appliances etc. CO2 emissions 
from fossil fuel use can be reduced through carbon capture and storage (CCS).  
 
CO2 emissions from transport can be reduced by replacing oil with renewable energy, 
although technological challenges remain to be overcome. Other options include improving 
logistics, sending information rather than physical goods, using information technology for 
meetings, transferring goods from road to railway and improving the efficiency of vehicles. 
The conversion in vehicles may become considerably more efficient if internal combustion 
engines are replaced with electric motors. A mid-sized car which travels 0.3 to 0.4 km per MJ 
of gasoline (for highway traffic and city traffic respectively), may travel 1.5 to 1.7 km per MJ 
of electricity.15

 
For heat and power generation as well, substitution of coal, natural gas and oil with renewable 
energy is clearly an option. Again, there are complementary strategies like improved 
conversion efficiency, more efficient power plants and increased use of combined heat and 
power (CHP). The end-use of heat and electricity could be made less wasteful, for instance by 
gradually changing to more efficient lighting, improved insulation of buildings, and 
increasing efficiency in pumps, fans, air compressors and industrial processes.  
 
It the case of oil, it seems likely that further incentives for substitution will be provided by 
rising prices. The global oil demand has increased rapidly, while extraction is shifting to 
resources which are more expensive to exploit. Predictions of when oil production will reach 
its maximum differ. According to some researchers, oil production will peak before 2020, 
while the forecasts of the oil companies with typical time frames of 25 years assume 
continuing increases during that period 16   
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Increased end-use efficiencies are important parts of any GHG mitigation strategy. However, 
while increased end-use efficiency and CCS are important subjects in their own right, for the 
purpose of this study they are not considered further, with the exception of electric vehicles. 
For heat and electricity generation, increased conversion efficiency through CHP production 
is further discussed in section 2.2. 
 
Forms of energy that can replace fossil fuels include biomass fuel, geothermal energy, 
hydropower, wind power, nuclear power, solar thermal electric power, solar photovoltaic 
power, solar heating and cooling, wave power, tidal power, ocean thermal and saline gradient 
power and marine current power.  The greatest contribution from renewable fuels is from 
biomass, including forest, agricultural and livestock residues, short-rotation forests, dedicated 
herbaceous energy crops and organic waste streams. The global energy input from biomass in 
2005 was 48 EJ, about 10 percent of the global primary energy use. Two-thirds of this amount 
is for household use in developing countries, often with inefficient and unhealthy combustion 
equipment, and the potential for more efficient use in this sector is large. 3.2 EJ were used for 
heat and electric power generation.2  
 
In the transport sector, the process of fuel substitution is so far just in its initial stage. 
Although growing fast, the biofuel use was about 1 EJ, slightly more than 1 percent of the 
total energy use for transport in 2006.17 There is also a great potential for increased use of 
biomass for heat and power generation. Globally, about 1.5 percent of the electricity 
production comes from biomass.3  
 
Estimates of the available biomass supply differ widely among different studies. A survey by 
Berndes et al of seventeen studies of global and regional biomass energy potential found that 
the estimates for the year 2050 varied from 100 EJ annually to above 400 EJ, as shown in 
figure 3. The forest fuel potential is 65 EJ according to the lowest estimates and 114 
according to the highest. This should be compared to a 1996 production of industrial 
roundwood of 15 EJ, and a fuelwood and charcoal production of 19 EJ.18 The increase in 
biomass use which is practical is limited by economic, political and environmental 
restrictions. In their survey of studies on the global and regional biomass energy potential, 
Berndes et al conclude that neither interaction with other land uses, nor the environmental 
consequences of realizing the potentials are sufficiently analyzed.18 A limitation to the use of 
biofuels is that deforestation may release carbon stored in the ground, which will increase 
atmospheric CO2 levels.19, 20 For every biomass energy scheme which requires conversion of 
forest to farmland for energy crop production, the release of stored carbon has to be taken into 
account.  
 
There has been an intense debate about the problem that agricultural production of biomass 
for energy competes with food production, particularly focusing on liquid transport biofuel.21, 

22, 23 Obviously, as energy use of biomass from farmland uses limited resources like land, 
labour, water and chemicals that could otherwise have been used for food production, this 
may lead to reduced food production and rising food prices, resulting in increased problems 
with malnutrition. In fact, competition between transport biofuel production and food 
production did contribute significantly to a rise in food prices between 2000 and 2007.24 On 
the other hand, global warming is a threat to food security in its own right.8
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Optimal biomass use 
As the biomass resources available for energy use and other uses like food, fibres, pulp and 
paper and chemicals are limited, it is important to exploit them as efficiently as possible. For 
efficient use of biomass, the following aims seem reasonable: 
1) Feedstocks should be chosen in a way which minimizes competition with food production 
and other uses of biomass;  
2) Net GHG mitigation from the entire process (including by-products) should be maximized; 
3) Limited funds should be used preferably for investments which achieve 1) and 2) to the 
least costs.  
 
These criteria are rather simplistic compared to the complex choices facing energy companies, 
policy makers and scientists in the real world, but the purpose is merely to provide a 
framework for the following discussion. The first criterion means that it is preferable to use 
waste from agriculture and food industry rather than food crops for fuel purposes, and that 
biomass fuels should be produced on land not suitable for agriculture whenever possible. In 
this respect, biofuels of the second generation (using ligno-cellulosic feedstocks like wood, 
grass, bagasse and corn stover) are mostly preferable to the ones of the first generation (bio-
diesel from vegetable oils, ethanol from wheat and maize). Concerning the second criterion, 
when comparing different options a life-cycle analysis should be made which includes all 
main products i.e. liquid fuels, solid fuels, chemicals, heat and electricity.  
 
The biomass which is available for energy use can be either combusted for heat and electricity 
generation or converted to transport biofuel, and the biofuel can be produced either 
biochemically or thermochemically. To use limited land areas and biomass to substitute fossil 
fuels in a way which results in the smallest total environmental impact at the lowest possible 
cost, it is necessary to make fair comparisons among different projects and different 
technologies.  
 
Life cycle analysis (LCA), also known as life-cycle assessment, is a standardized 
methodology (ISO14040-43)25 for comparing the environmental impact of different 
production systems. In an LCA, environmental loads from each process along the production 
chain, from raw materials to waste disposal ('cradle-to-grave'), are added. For transport fuels, 
the usual expressions are from 'well-to-wheel' (or from 'well-to-tank' if the conversion 
efficiency in the vehicle is not included). An identical functional unit, e.g. 1 MWh of fuel, is 
chosen as a basis for comparison. For most products, LCA is used to calculate the 
environmental impact 'from cradle to grave' that is, from raw-material extraction to disposal 
or re-use of by-products. While this is straightforward for a production chain without any 
branches, processes with more than one output complicate things. Either, the system must be 
expanded to include by-products as well, or different allocation procedures, unavoidably 
arbitrary, have to be used to share the environmental loads between the products. Expanding 
the system boundaries makes the model more similar to the real world, but needless to say it 
also increases the complexity of the model. In the end, every LCA is a compromise between 
completeness and simplicity.  
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Whether transport biofuels are good for the environment depends on many factors, including:  
-The amount of input energy required (e.g. for cultivation, harvest, feedstock transports, 
production and biofuel distribution) and type of energy used (fossil or renewable); 
-Production of transport biofuel, and the amount of liquid petroleum fuels that is replaced; 
-Energy use of by-products and GHG emissions avoided from any fossil fuel they replace.  
-Non-energy uses of by-products (e.g. chemical products, livestock feed), where net GHG 
emissions can be reduced by substituting similar products from other sources should be 
estimated.  
 
The resulting environmental benefit of switching from gasoline or diesel to a particular 
biofuel depends critically on these factors. It is not hard to devise scenarios (forests cleared 
for wheat production, fossil fuels used for process heat and electricity, wasteful by-product 
use), when running cars on fossil fuels is even a better option. It may be concluded that in 
order to make a fair comparison between two production chains, all assumptions have to be 
clearly presented. It is also obvious that by-product use is of major importance. This issue will 
be further discussed in sections 2.1.1-2.1.3.   
 

2.1 Transport biofuel production 
  
Liquid biofuels like diesel from vegetable oil, ethanol, methanol and Fischer-Tropsch diesel 
can use existing engines and infrastructure with slight modifications. In the longer run, 
engines with intrinsically higher efficiency using electricity and fuel cells may replace 
conventional internal combustion engines, as discussed in the previous section. Plug-in hybrid 
vehicles may prove a way to introduce electric vehicles while overcoming the initial range 
restrictions before infrastructure for battery charging is in place. A well-to-wheel analysis of 
plug-in hybrid vehicles show unsurprisingly that although they have a potential to decrease 
GHG emissions through their higher efficiency, the mode of electricity generation has a great 
impact.26  
 
Liquid biofuels can be produced either through biochemical methods or through 
thermochemical methods. Currently, all industrial production of transport biofuels uses either 
chemical or biochemical methods, the most common being ethanol and biodiesel. Biodiesel is 
produced from fatty acids, mainly vegetable oils, while bioethanol is produced from 
carbohydrates. The annual production of fuel ethanol in 2006 was 38.2 million cubic meters, 
about 0.8 EJ and the biodiesel production in 2006 amounted to 6.15 million cubic metres, 
about 0.2 EJ.27 Brazil and the US each produces about a third of the ethanol in the world,28 
while biodiesel is produced mainly in Europe (89 %).29  
 
 
Thermochemical methods 
During gasification, gas with a useable heating value is produced by conversion of any 
carbonaceous fuel (eg coal or biomass). Possible methods are pyrolysis, partial oxidation and 
hydrogenation, where partial oxidization is the dominant technology. Depending on 
temperature, pressure, fuel composition and oxidant used (air, pure oxygen, steam etc), the 
gas will contain various concentrations of hydrogen, carbon dioxide, methane and other 
hydrocarbons, nitrogen, carbon dioxide and steam.  
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Gasification of coal has been used since the nineteenth century to produce town gas for 
lighting and heating, and later for production of ammonia and substitutes for gasoline and 
diesel, and for electric power production. A recent overview of gasification technology was 
made by Higman and van der Burgt.30  
 
The gas produced can basically be used in two ways. The first option is to use the synthetic 
gas (known as syngas) as a raw material to synthesize transport biofuels such as methanol, di-
methyl-ether (DME), ethanol, Fischer Tropsch diesel or synthetic natural gas (SNG). The 
second option is to use the gas as a gas turbine fuel in a combined cycle. The second 
technology is commonly referred to as integrated gasification and combined cycle (IGCC), 
sometimes when biofuels are used as biomass-fuelled IGCC (BIGCC), see section 2.2.    
 
Thermochemical methods for producing transport biofuels have yields of up to 60 percent on 
an energy basis. As mentioned in the outline, biochemical methods have much lower liquid 
fuel yields. This means that it is important to choose the best use of by-products to make the 
total process reasonably efficient. Efficient by-product use is especially important for 
biochemical transport fuel production.  
 
 
Biodiesel 
Biodiesel is a commercial name for fatty-acid methyl esters (FAME). It is produced through 
the refinement of oil, mainly from crops like rapeseed, soybean, cottonseed, peanut, sunflower 
seed, palm kernel and copra31 but also from animal fats, cooking oil and the forest product tall 
oil.32 While vegetable oils can be combusted in oil burners, they cannot be used in diesel 
engines without engine modification. Among the major problems are the high viscosity and 
the low cetane number (33-43).33 To overcome these drawbacks, the tri-glycerides in the oil 
are converted chemically to single-chain FAME through a process known as 
transesterification (see section 2.1.1). For this process, methanol is used, and glycerol is 
produced as a by-product.34  As vegetable oils are primarily used for food, competition with 
food production is an unavoidable consequence of all biodiesel production.  
 
 
Bioethanol 
Running car engines on ethanol is not such a new idea. Ethanol was one of the fuels used by 
the pioneering nineteenth century developers of internal combustion engines, including 
Nikolaus August Otto. The first version of model T marketed by Henry Ford could be run on 
ethanol as well as gasoline. Increasing availability of cheap gasoline outcompeted biofuels in 
the early twentieth century.35  
 
The current world production of ethanol is about 1 EJ in energy terms, which is a rapid 
increase from 0.64 EJ in 2001. This increase is mainly due to fuel use, now more than three 
quarters of the ethanol production, while other uses like beverages have remained roughly 
constant.36 Some ethanol is available directly from surplus production of wine, but most is 
produced through fermentation of sugar. 
 
 
 
 
 

 11



Sugar for ethanol production can be either extracted from crops like sugar cane and sugar 
beets, or produced by breaking down more complex carbohydrates. The simplest sugars are 
monosaccharides like glucose, C6H12O6 which can be fermented into ethanol and carbon 
dioxide through the reaction 

2526126 22 COOHHCOHC ⋅+⋅→   
where the ethanol is extracted through distillation, a process known for many centuries.  
 
Carbohydrates, including sugars, are produced by photosynthesis. Cellulose, the most 
common macromolecule on the planet, has great mechanical strength and is an important 
component of the cell walls of plants. As it is not digestible by humans, raw materials with 
high cellulose content are not edible, and there is no direct competition with food uses. While 
cellulose is potentially a huge source of fermentable sugars, technical challenges have to be 
overcome and while there are several pilot-scale and demonstration-scale plants, there is yet 
no commercial production of cellulosic ethanol.  In contrast to cellulose, starch is digestible 
by humans, and an important food item. Starchy crops like wheat, rice, corn (maize), 
sorghum, potatoes and cassava have been cultivated since pre-historic times. Starch is also 
easier to convert industrially into sugars and ethanol.  
 
Starch-rich crops like corn (maize), wheat and barley are currently the main raw materials for 
industrial ethanol production, besides sugar cane. Starch polymer chains may be branched, 
while cellulose does not have any branches. Starch and cellulose are both composed of 
glucose, but of different stereochemical varieties (see figure 4). Although these 
macromolecules are superficially very similar, they have very different physical and chemical 
properties, with cellulose forming highly ordered structures of great mechanical strength 
which makes it less soluble in most solvents.  Starch, cellulose and hemicellulose can be 
decomposed into glucose through hydrolysis (the term meaning that water molecules react 
during the splitting of the polymers). Starch is much simpler to hydrolyze than cellulose.  
 

 

 
 
Figure 4. Simplified structures for starch (left) and cellulose (right).  
 
 
Global potential 
As estimates of available biomass for energy use are uncertain, as previously discussed in this 
section, estimates of the global potential for transport biofuels are also uncertain. Agricultural 
waste and wasted crops can be used to produce lignocellulosic ethanol. The available 
feedstock (taking into account that some agricultural waste has to be left in the fields to 
prevent erosion) has been estimated to be sufficient for 10 EJ of ethanol, more than ten times 
the world production in 2005.37 While this is the production if the available feedstock could 
be used entirely for ethanol production, different technical, political and economic factors 
limit what can actually be produced in the real world. Agricultural energy production can be 
expanded through dedicated energy crops, e.g. Salix, Miscanthus and reed canary grass.  
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Although estimates of the potential for using forest residues are uncertain as discussed in the 
initial part of section 2, it is several times larger than for agricultural residues, even according 
to the lower estimates as well. There are also waste streams from the forest industry like 
sawdust and cutter shavings, although these are to a large extent already utilized. It should 
also be kept in mind that of the ligno-cellulosic biomass available for energy use, some will 
be used for other applications, like heating and electricity generation, or thermo-chemical 
transport fuel production.  
 
 

2.1.1 Production of rapemethylester (biodiesel) and rapeseed meal 
 
An important raw material for biodiesel production is oil from rapeseed (Brassica napus), 
with a global production of 47 million tons in 2006, of which 16 million tons were produced 
within the EU.38 The oil content in rapeseed is about 40 percent, and the rest is thus residues 
with an energy content of around 0.5 EJ globally. Currently the residue is used mainly as feed 
for ruminants.39 The total production of rapeseed oil in the EU was 6.1 million tons in 2006, 
of which more than 4.0 million tons were used for biodiesel production.40 This means that 
about 84% of all vegetable oil used for this purpose in the EU is rapeseed oil.41  
 
Transesterification of rapeseed oil is shown schematically in figure 5. Methanol is added to 
the oil (a tri-glyceride), and a catalytic reaction produces the single-chain rape-methyl ester 
(RME) and glycerol.   
 
 

 
(3 Methanol) (Tri-glyceride) (3 RME) (Glycerol) 
 
Figure 5. Simplified transesterification reaction 
 
In production of biodiesel from rapseseed, rape-methyl ester (RME), the rapeseed is crushed 
to release the oil. The solid residue from the mechanical extraction is known as rapeseed cake. 
It still contains about 10 percent oil on a weight basis. Most of this oil can be extracted 
chemically. The oil is transesterified to RME as described above. The solid material 
remaining after the chemical extraction is a brownish-yellowish powder referred to as 
rapeseed meal (RM). The production process is summarized in simplified form in figure 6.  
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Figure 6. Production process for RME  
 
 
The production of RME in the European Union has recently increased, from 6.8 million 
tonnes in 2007 to 7.8 million tonnes in 2008. about 83 TWh.42 For market reasons, the 
production is currently far behind maximum capacity, which is about 21 million tonnes.42 
With all RME plants operating at full capacity, rapeseed meal with an energy content of about 
42 TWh would be produced annually.  
 
The main use of rapeseed meal is as feed for ruminants, but by removing remaining fibres the 
product could be fed to pigs as well. There has been some interest in fuel uses however, either 
directly, as powder or after pelletization. The market potential for rapeseed meal as a fuel is 
difficult to predict. The price doubled during 2007, from about 1000 SEK/ton (about 200 
SEK/MWh) to 2000 SEK/ton (about 400 SEK/MWh), at the time of writing (September 
2009) it is down to 270 SEK/MWh.43 The price of rapeseed meal interacts with the prices of 
grain and other animal feed (raw materials rich in protein and oil like soybean, palm oil and 
sunflower) both through competition on the market, and through competitive land use.  
 
LCA of RM is complicated because of the by-products RM and glycerine. As RM can be seen 
as a replacement of other raw materials, like soymeal, which would otherwise have been used, 
it reduces the environmental burden. The production of glycerine causes a similar reduction in 
environmental impact, if it replaces fossil glycerine. Another complication is that the 
methanol used for the transesterification may be produced either from natural gas or from 
biomass gasification. The RME life-cycle from well-to-wheel has been analyzed in a report to 
the European Commission. As the RM by-product contains roughly half of the energy content 
of the harvested feedstock, its use influences the outcome of the LCA strongly. The result for 
the most favorable case is a 64 percent reduction of fossil energy use, and a 53 percent 
reduction of GHG emissions, compared to fossil diesel. 44
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An LCA of RME production has also been made by Bernesson.6 The input energy needed is 
407-569 kJ per MJ of RME, depending on process scale. Of this energy, 65 percent was 
needed to grow the rapeseed. This also contributed 87 percent of the global warming potential 
of the cycle. The rest was mainly electricity for methanol production (12 percent), extraction 
of oil (10 percent) and transesterification (11 percent). Bernesson also concludes that the 
allocation of the environmental burden between the RME and the by-products glycerine and 
RM has a large impact on the result of the LCA. For large-scale production, the approximate 
RME production per hectare is 11.2 MWh, with an RM producion of about half that amount, 
5.7 MWh per hectare 
 
Some data on the fuel characteristics of rapeseed cake has been published45, 46, 47, 48 and some 
results from combustion tests are also available for residential stove,46 for grate combustion47 
and for a 12 MW fluidized bed.48 Grate combustion worked well although there was some 
sintering of ash which however did not cause any operational problems. During the 
combustion tests in a 12 MWth circulating fluidized bed by Barisic et al the bed defluidized 
after 2 hours of operation. Adding limestone to the bed solved this problem.48 The results of 
the combustion tests of rapeseed cake indicate that combustion applications are feasible, 
although with potential problems, and suggest that fuel uses of RM should be a realistic 
option as well.  
 
However, previous studies have not addressed all relevant issues. Powder combustion has not 
been tested. No data for gaseous emissions of SO2 and HCl are reported in any of the studies. 
While ash-related problems have been reported, tests have been limited in scope and thermal 
and chemical conditions are not well-defined. Underlying ash transformations are 
unexplained. An additional point is that there is a general lack of knowledge of the 
transformations of ash-forming elements of fuels with high phosphorus contents, making the 
study of such fuels an interesting subject in its own right. Several energy companies have 
shown interest in full-scale combustion tests with RM, but so far been cautious due to the 
gaps in knowledge of combustion properties.   
 

2.1.2 Grain-based production of ethanol and distillers grain 
 
For ethanol production from wheat grain the grains are ground to meal, which is mixed with 
water and enzymes. The starch, (60 %wt dw) is hydrolyzed to sugars. Yeast is added, 
fermenting the sugars into ethanol at a theoretical yield of 51 %wt. The ethanol is  separated 
from the slurry through distillation. The solid material in the ethanol-free slurry (whole 
stillage) is separated through centrifugation from the liquid (thin stillage), which is filtered 
and concentrated through evaporation of moisture. After remixing and drying the resulting 
distillers' dried grains with solubles (wheat DDGS) are pelletized. The amount of DDGS 
produced is roughly equivalent to about 30 %wt ar of the wheat grain feedstock.49, 50 Distillers' 
byproducts are mainly used as protein and energy sources for ruminants. The process is 
shown in figure 7. Further increases to replace a more substantial fraction of the world's 
transport fuel use, may saturate this market, and fuel uses may therefore be considered. As 
expanded ethanol production has increased the production of wheat DDGS, prices have fallen 
in the US, and energy uses of the material like combustion or anaerobic digestion for biogas 
production have therefore been considered.  
 
The approximate energy contents in the different process streams are shown in figure 8, in a 
Sankey chart. Several life-cycle analyses and energy balance studies have been made for 
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wheat-based ethanol production, for instance by Bernesson, 51 and in the above-mentioned 
report to the European Commission.44 A comparative study of the energy balance for 
bioethanol has been made by Börjesson.52 The energy balance is defined as the ratio between 
the energy in the resulting biofuel and the energy input required for production (including 
direct inputs like diesel for crop production and transport, but also indirect inputs like energy 
for fertilizer production). The resulting energy balances varied from 0.68 to 5.65 (where a 
ratio greater than 1 means that the energy content in the ethanol produced is greater than the 
energy input). The main causes of these differences were 1) different feedstock (ligno-
cellulosic feedstocks having a greater energy efficiency, and grain lower), 2) different system 
boundaries and 3) different principles for allocation between ethanol and by-products.  
 

 
 
Figure 7. The production process for wheat-based ethanol.   
 
In another study by Börjesson, GHG emissions from wheat-based ethanol production under 
different assumptions were compared. An energy balance for current (2007) ethanol 
production is estimated (see figure 8). In the most favorable case where renewable input 
energy is used, the wheat DDGS replaces a quantity of soymeal, making production and 
import redundant, and the straw is assumed to be combusted, GHG emissions are reduced by 
85 percent compared to gasoline. In the least favorable case where grass-covered peat soils 
are converted to wheat production and coal is used for process energy, replacing gasoline with 
grain-based ethanol would in fact increase the GHG emissions by 400 percent, due to the 
release of stored carbon.53 Bernesson's result is somewhat different with a GHG emission 
reduction of 63 percent.51  
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The use of corn-based DDGS for process heat production has been studied by Morey et al.54 
Concentrated wet stillage is combusted in a fluidized-bed combustor in at least one dry-grind 
ethanol plant.54 Removal of fibers from corn-based DDG has been attempted experimentally. 
The purpose is to obtain a product with higher nutritional value, and more digestible for pigs 
and poultry. The removed fibers, about 12 percent of the mass, would have considerably 
different fuel properties.55 No results have been found on the combustion properties of wheat 
DDGS.  
 

 
Figure 8. Sankey diagram for Swedish production of ethanol in 2007, showing the 
approximate energy contents in the different input and product streams from 1 hectare of 
wheat.53  
 
 
 

2.1.3 Ligno-cellulosic (woody) production of ethanol and residues 
 
Cellulose makes up 40 to 50 percent of the dry mass of most wood species, where it is part of 
the cell wall structure. 20-30 percent of the weight is hemicellulose, a heterogeneous 
polysaccharide, which is also found in the cell wall. The third main component of wood is 
lignin, a polymer of phenylpropane units.56 Second to cellulose, lignin is the most common 
macromolecule.57 Lignin cannot be converted to ethanol by any current industrial 
biochemical process.  
 
The wood-based ethanol production process has been described in detail elsewhere58, 59 and 
only a brief summary will be given here. Conceptually, the process can be divided into four 
steps: pre-treatment, hydrolysis, fermentation and distillation.  
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In the initial process stage, wood chips are pre-treated with steam at 160-220 oC and 6-34 bar. 
The steam treatment is combined with chemical treatment, either with H2SO4 or SO2. The 
pressure is rapidly released. This treatment hydrolyses most of the hemi-cellulose and part of 
the cellulose. The breakdown of hemi-cellulose crystalline structure enhances the 
effectiveness of the enzymes used in the next process stage.  
 
Demonstration facilities for ligno-cellulosic ethanol production are running for instance at 
Upton, Wyoming (woody biomass, annual capacity 4 500 tons of ethanol)60, Jennings, 
Louisiana (annual capacity 4 200 tons of ethanol)61 and Kalundborg, Denmark (wheat straw,  
1 100 tons of ethanol).62 Several others are under construction or planned.63  
 
For wood-based ethanol production, the energy balance (again, the energy content of 
produced ethanol divided by the energy used for logging, transport and ethanol production) is 
about 3.2 according to a review of several studies.52  
 
 
Dilute-acid hydrolysis 
The second process stage is the hydrolysis, where most of the cellulose is broken down into 
sugars. Either dilute-acid hydrolysis (AH) or enzymatic hydrolysis is used. The AH process is 
shown schematically in figure 9. Enzymatic hydrolysis, which converts the cellulose more 
efficiently, has been tested in bench-scale and pilot scale. The sugars are fermented to ethanol 
in the third process step by yeast or bacteria. With current technology, only hexoses can be 
used. Pentose fermentation is an active field of research and development.4 In the fourth stage, 
ethanol produced is removed through distillation.  
 
 
Enzymatic hydrolysis 
Enzymatic production where hydrolysis and fermentation are in separate reactors is called 
SHF (Separate Hydrolysis and Fermentation, not shown). A disadvantage is that glucose 
formed in the hydrolysis reduces the performance of the enzymes. For enzymatic processes it 
may therefore improve the process performance if hydrolysis and fermentation are combined 
in one reactor, as the inhibiting glucose is continuously consumed. In the Simultaneous 
Saccharinification and Fermentation (SSF) reactor, a combination of different enzymes 
converts the cellulose into sugars, and an important advantage of the SSF process is that the 
glucose produced through the hydrolysis is continuously consumed by the yeast. A drawback 
is that the process conditions have to be a compromise between efficient hydrolysis and 
efficient fermentation. Another disadvantage is that some of the yeast cannot easily be 
recycled since it is removed from the process together with the lignin. The SSF process is 
shown in figure 10.  
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Figure 9. Wood-based ethanol production with dilute-acid hydrolysis.  

 
Figure 10. Wood-based ethanol production with the enzymatic process SSF (simultaneous 
saccharinification and fermentation).  
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Residues from ligno-cellulosic (woody) production of ethanol 
There are two main residual fractions from the wood-based ethanol enzymatic production 
process. The first is the solid non-hydrolyzed material, referred to as hydrolysis residues 
(HR). The second is the liquid phase remaining after the distillation, here referred to as 
distillation residue (DR) and consisting mainly of non-fermented sugars and dissolved 
inorganic material.   
 
In the AH process, the acid-hydrolysis residues (AHR) are removed before the distillation. In 
the SSF process, the non-hydrolyzed SSF residues (SSFR) are removed after the distillation. 
Ethanol and by-product yields from dilute-acid ethanol production from spruce stemwood 
have been measured by Eklund and Pettersson at 16.6 %wt of ethanol and 55 %wt of hydrolysis 
residue.64 Yields of ethanol and by-products from the SSF process based on spruce stemwood 
have been measured at Lund University by Wingren et al.4  The yields are shown in figure 11.  
 
Nitrogen is added to the process through the yeast and through the enzymes. The total amount 
of nitrogen added may be something like 2 g per kg of wood feedstock. About 20 g of sulphur 
is added in the pre-treatment stage for each kg of wood feedstock. In the AH case, sulphuric 
acid is used for the hydrolysis.  
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Figure 11. Product streams from SSF ethanol production (based on spruce stemwood) as 
fractions of feedstock energy (left) and feedstock mass (right)65

 
AHR from hardwood- and softwood-based ethanol production has been characterized by 
Blunk and Jenkins.66  They found an ash content of 3.40 %wt ds for hardwood lignin and 0.62 
%wt ds for softwood lignin. For softwood, the most common wood type in Sweden, Blunk and 
Jenkins found Na and K contents of 302 mg/kg and 87.4 mg/kg respectively. AHR from 
spruce stemwood produced in bench-scale had a much lower ash content, below 0.1 percent 
and Na and K concentrations of 23.2 and 32.2 mg/kg respectively.67 These alkali contents 
should be compared to softwood, 3-22 mg/kg dry substance for Na and 200-1 310 mg/kg dry 
substance for K.68  
 
The hydrolysis thus leads to a remarkable reduction in alkali content (apart from the Na 
concentration found by Blunk, where NaOH was probably used for neutralization after the 
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hydrolysis), as the wood structure is broken down chemically and the inorganic elements are 
leached from the solid material. As high alkali concentrations increase the risk of slagging, 
corrosion and deposition problems in most combustion applications, this is an improvement in 
fuel quality. On the other hand, as sulphur dioxide or sulphuric acid or both are used the 
sulphur content of the solid residue may be increased. In the SSF process, imperfect 
recirculation of the yeast will cause some increase of the nitrogen content.  
 
Hydrolysis residues from dilute-acid ethanol production have previously been characterized 
and tested in small-scale pellet appliances and fluidized beds by Luleå University of 
Technology, Umeå University and Energy Technology Centre at Piteå.69, 67  
 
 
Table 1. Properties of acid hydrolysis residues (AHR), separate hydrolysis and fermentation 
residues (SHFR) and simultaneous saccharinification and fermentation residues (SSFR) from 
ethanol production from spruce wood at pilot-scale plant at Örnsköldsvik, Sweden.  
 AHR SHFR1 SHFR2 SSFR1 SSFR2 SSFR3 
C, %wt ds 54.9 55 57.7 58 59.7 60.9 
H, %wt ds 6 6.2 6 5.9 5.9 5.9 
N, %wt ds 0.19 0.42 0.4 0.56 0.8 1.13 
S, %wt ds 0.21 0.22 0.21 0.23 0.2 0.34 
 
Fuel properties of residues from pilot-scale ethanol production at a facility at Örnsköldsvik, 
northern Sweden have been characterized by Arshanitsa et al at the Latvian State Institute for 
Wood Chemistry.70 The feedstock was wood and the compositions are listed in table 1. 
Arshanitsa and his co-workers have also measured the ash content and higher heating value of 
the residues. The ash content for AH was 0.8 percent d.w, for SHF 0.4-0.6 %wt ds and for 
SSF material 0.1-0.3 percent d.w, which should be compared to an ash content of 0.55 in the 
spruce wood feedstock. The higher heating value (HHV) for AH was about 22.6 MJ/kg d.w., 
for SHF it ranged between 21.1 and 21.7 MJ/kg d.w, for SSF material between 22.0 and 23.2. 
The heating value was strongly correlated with the Klason lignin content, which is at most 70 
percent. To increase the ethanol yield, a larger share of the cellulose content of the wood must 
be hydrolysed, which increases the lignin concentration in the residue and thus the HHV, 
making it negatively correlated with the amount of hydrolysis residue.  
 
The HHV of the DR from SSF has been estimated by Wingren4 at 17.7 MJ/kg d.s. The exact 
composition is not known, but the ash-free part may be expected to be similar to glucose. The 
concentrations of ash-forming elements are enhanced compared to the feedstock, and some 
alkaline material must be added for neutralization after the pre-treatment, so the ash content of 
the DR is likely to be high. It is also difficult to dry without loss of heating value, according to 
experience at the pilot plant. The material can probably be combusted, but ash content is a 
disadvantage in combustion applications. It is likely that anaerobic digestion for biogas 
production will be preferred to combustion.71 There are no previous studies about powder 
burner combustion of hydrolysis residue.  
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Possible uses of the by-products from ligno-cellulosic ethanol production 
Several non-fuel uses of lignin, available from the hydrolysis residue, have been suggested, 
including heavy metal binders, corrosion protection, oil well drilling, cement and concrete.72 
While non-fuel uses may well be economical at an initial stage, the sheer quantity of by-
products once ligno-cellulosic ethanol becomes a common transport fuel, would saturate the 
market for any low-volume uses.  
 
As the hydrolysis residue has a higher heating value and lower ash content than wood, one 
suggested use is as a fuel for small-scale pellet combustion. This application has been tested 
by Öhman et al., who found that continuously underfed pellet burners are best suited, as char 
aggregate formation at low temperatures is avoided (see the discussion in section 5.2.4 for 
details, where the results are discussed). The tests showed that gaseous emissions are similar 
to emissions from wood pellets, while very low particle emissions can be achieved compared 
to wood pellets, because of the low content of volatile inorganic constituents. 67  
 
Combined-cycle use of the hydrolysis residue has been suggested by Lynd,73 Wooley,74 Aden 
(for a corn-stover fed ethanol plant)75 and Easterley.76 Easterly has also made a first estimate 
of the electricity production that can be achieved by using the solid residue in a steam cycle 
and in an IGCC process (assuming a generic electric efficiency of 36% for IGCC).76 The 
result is that IGCC could be profitable. The analysis does not include use of the heat 
produced, nor sale of SSFR as solid fuel, and the investment is unexplained. The impact on 
CO2 emissions is not estimated. This initial calculation is thus very simplified but adequate 
for an initial assessment of combined cycle use of the residues. As the result indicates that this 
may be interesting, there is consequently a need for a more systematic approach. 
 

2.2 Biomass fuels for heat and power production 
 
As discussed previously in section 2, the potential for increased use of biomass fuels is large, 
although food production, biodiversity considerations and economic restrictions mean that it 
can only be partially realized. Biomass fuel properties which differ considerably from coal 
include: 
1) Different grinding properties, where the Hardgrove grindability index used for coal 
(measuring hardness) is irrelevant, as the problem with biomass is not so much hardness as 
ductility;  
2) Different handling properties as biomass particles are less spherical than coal particles. 
3) Volatile content above 65 %wt (compared to coal which may have volatile contents below 
10 %wt), a difference which affects combustion properties;  
4) Different chemical compositions of the ash-forming matter, often with higher alkali 
content.  
 
To increase biomass use for electricity generation without major investments, it can initially 
replace up to 10-15 percent (on an energy basis) of the coal used in existing power plants, 
with a potential of 0.5-0.9 EJ of biomass in the EU alone.77 If a larger share of the fossil fuel 
used in power plants is to be replaced, the increased flue-gas flow and rising risk of ash-
related problems make co-firing impractical, meaning that dedicated biomass-fired power 
plants are needed.  
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As the biomass available for heat and power production is limited, the conversion efficiency 
is important. The electric efficiency is for electric power generation from biomass is usually 
low compared to coal-fired power plants, mostly because of the lower steam pressures and 
temperatures.78 Currently, only a small fraction of the heat produced through power 
generation is utilized.2 The total efficiency can be increased considerably if the heat otherwise 
wasted can be used for residential heating or industrial processes. This is usually the case in 
northern Europe, where steam-cycle power plants supply district heating networks and it may 
be difficult to find locations for CHP where the heat can be used. In the case of Sweden, 
district-heating grids are already supplied with heat mainly produced from renewable fuels. 
However, in many parts of the world, excess heat is disposed of in cooling towers or rivers. 
Another improvement is to increase the electric efficiency of the power generation, as 
electricity in general is a more useful commodity than heat.  
 
A characteristic property of many biomass fuels in general is their comparatively high ash 
contents, with compositions of ash-forming elements that may cause problems on surfaces in 
contact with the flue gases. The major ash-related problem encountered in fluidized beds is 
bed agglomeration, which, in the worst case, may result in total defluidization of the bed and 
unscheduled downtime. Because of the concentrations of ash-forming elements typical of 
biomass, several of these fuels have been shown to be especially problematic. In grate  
combustion, fuels with unsuitable compositions for this application may cause slagging.  
 
Gas turbines are typically designed to run on fuels such as natural gas or light petroleum 
which are comparatively clean compared to biomass fuels. Gas turbine blade surfaces are 
especially vulnerable to ash-related operational problems, because of their high temperature 
compared to equipment in steam-cycles like superheater tubes. Some of the ash-forming 
elements such as alkali (K and Na) may form corrosive compounds. Deposition caused by ash 
compounds, erosion and corrosion (DEC) will require increased maintenance and reduce 
equipment availability. 
 
Ash transformations during the combustion of biomass fuels is thus an important subject and 
relevant to the present study. One conventional way to investigate the morphology of different 
ash fractions, slags, bed samples and agglomerates from fluidized beds, and to obtain a semi-
quantitative elementary analysis is through the use of SEM/EDS (energy-dispersive X-ray 
spectrometry). Crystalline phases can be identified using X-Ray Diffractometry (XRD). The 
use of these methods for the present study is described in section 4.2.6.  
 
Biochemical production of biomass fuels requires process steam and electricity. For ligno-
cellulosic ethanol production the process steam demand is large, for each MWh of ethanol, 
0.93 MWh of steam and 0.13 MWh of electricity are needed.4  The solid residues can supply 
more than enough renewable fuel energy for process steam generation, 1.53 MWh per MWh 
of ethanol.4 The surplus of solid residue can be combusted at the facility to produce additional 
electricity and heat. Alternatively, solid residue can be used as a fuel elsewhere. It has been 
suggested in this context that transport biofuel production should be used as base heat load for 
CHP production.79

 
 
Combined-cycle electricity generation as a way to increase electric efficiency 
The most common technology for power production is the steam turbine. Worldwide, coal is 
the most common fuel, although biomass fuels, peat, natural gas and oil are also combusted 
for steam generation. In nuclear power plants, nuclear reactors generate the steam rather than 
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chemical combustion. The electric efficiency is usually 25 to 35 percent80, although advanced 
plants with higher steam temperatures and pressures and multiple reheat of steam at 
intermediate pressures can achieve considerably higher efficiencies. However, for the current 
economic scale for biomass-fuelled power plants (which is lower as biomass is bulkier and 
more expensive to transport than coal), such advanced steam data are not economically viable.   
 
The steam cycles conventionally used for biomass-based combined-heat and power (CHP) 
generation are typically limited to 25-35 percent electric efficiency.80 This could be improved 
to 40-50 percent with combined cycles, where exhausts from a gas turbine supply all or part 
of the heat to the steam cycle. 81  
 
DeCorso et al have described some key DEC problems for gas turbine operation on 
biofuels.82 Experiences from coal-fired plants relevant to biomass Integrated Gasification and 
Combined Cycle (IGCC) have been summarized in a report to the European Commission.83 
As mentioned, the alkali content is generally larger than for fossil fuels and may cause DEC 
problems at the turbine blades. Gas quality requirements for gas turbines have been reviewed 
by Brown and Heuvel84 while DeCorso et al concluded that they have a strong temperature 
dependence.82 The heating value of biomass is lower, which affects the compressor-turbine 
mass flow balance. However, it has been demonstrated that these potential problems can be 
successfully handled through gas cooling to 350-400ºC (to condense alkali), followed by 
candle filter gas cleaning. At Värnamo (southern Sweden) several biomass fuels (including 
straw) were used for operation at 6 MWe with 8 500 h of pressurized gasifier operation and 3 
600 h of integrated gasifier and gas turbine operation.81  
 
With a cleaner fuel, gas turbines with sufficiently low turbine inlet temperature could 
conceivably use it in adapted combustors without separate gasification and gas cleaning, 
which would lower the investment. Direct combustion of ordinary wood powder in gas 
turbines has led to severe deposition problems, except for very low turbine inlet temperatures 
(790ºC).85, 86

 
 
Use of unconventional biomass fuels 
To avoid competition for limited available land areas between food production and energy 
crops, the demand for different agricultural wastes and other unconventional fuels is likely to 
increase. Furthermore, as disposal of organic wastes and sludges on landfills are discouraged 
through taxation or even prohibited, the supply of such materials which are available for 
energy uses will increase.  
 
A growing demand for biomass fuels, combined with an increased supply of unconventional 
combustible biomass, means that fuels with  properties not previously familiar to energy plant 
operators will frequently enter the market. Some knowledge of the fuel properties before 
large-scale use in energy plants is important to avoid costly and time-consuming mistakes. 
The novel fuels have to be characterized to predict combustion properties and facilitate the 
choice of combustion applications, operational parameters, co-combustion fuels and possible 
additives  
 
Characterization methods of interest concern:  
1) Fuel handling behavior, grindability, erosion and abrasion properties. 
2) Combustion characterization: devolatilization properties (important for ignition and flame 
stability), char burnout time. 
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3) Slagging and fouling properties of ash-forming matter: ash particle formation, ash particle 
mass size distribution, ash composition, fluidized-bed agglomeration tendencies, risk 
reduction by mixing with other fuels or using fuel additives and choice of suitable combustion 
applications and operational parameters for specific fuels.  
As traditional characterization methods were developed mainly for coal, procedures adapted 
specifically to solid biomass fuels are needed.  
 
Residues from biochemical transport biofuel production are an example of such novel 
biomass with potential importance as fuels for heat and power generation. The supply may 
increase enormously as liquid biofuels replace gasoline and diesel in the transport sector and 
the markets for the current uses become saturated. For this reason, energy companies have 
shown interest in these materials. The residues are quite different from anything currently 
being widely used. The fuel and combustion properties of these materials are incompletely 
known, and so are the economic viability, GHG mitigation impact and other environmental 
consequences of different energy applications. Identifying relevant characterization methods 
and applying them to residues from biochemical transport biofuel production, is therefore 
important.  
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3 Objectives  
 
As stated in the introduction the aim of this thesis is to characterize fuel properties and fuel-
specific combustion properties of solid residues from biochemical transport biofuel 
production, and to suggest suitable applications for heat and power generation.  
 
To achieve this general aim, the specific objectives of this study include:  

- Characterization of combustion-relevant material properties, i.e. contents of moisture, 
volatile matter and ash, heating value, elementary composition (C, O, H, N, S, Cl), 
contents of main ash-forming elements and trace elements,  feeding properties and 
devolatilization kinetics and their variation; 

-  Determination of the fuel-specific combustion properties for powder combustion, 
grate combustion and fluidized bed combustion, i.e. gaseous emissions (NO, SO2 and 
HCl) and particle emissions (total particle matter, size distribution, composition),  
risks of ash-related operational problems (slagging, fouling and bed agglomeration); 

-  Identification of suitable combustion applications of the residues based on the result of 
the fuel characterization; 

- Techno-economic evaluation of different options for utilizing a selected residue for 
supplying process heat and electricity to the transport biofuel production, combined 
with sale of surplus electricity, heat and solid fuel.  

 
The study is limited to residues from biochemical production of liquid transport biofuels in 
northern Europe. Only major streams of residues from processes currently used for 
commercial production or demonstrated at pilot scale are considered.  
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4 Method 
 
Combustion-relevant material properties were measured. Fuel specific combustion properties 
of the residues from biochemical production of transport biofuels were determined with 
bench-scale or pilot-scale experiments. To facilitate the choice of characterization method, a 
literature search was made to identify recent methods for characterizing the fuel and 
combustion properties of biomass. The results of the tests were used to compare the fuel and 
combustion properties of the materials, and to identify suitable combustion applications. A 
techno-economic evaluation was made of different options for utilizing a residue (selected for 
its suitable combustion properties). For each option, the residue was used for supplying 
process heat and electricity to the transport biofuel production, combined with sale of surplus 
electricity, heat and solid fuel. 
 

4.1 Survey of recent characterization methods for solid biofuels 
 
To find recent characterization methods adapted to biomass fuels, a literature search was 
made in cooperation with Vattenfall Research & Development AB. The ETDE database was 
searched for works published no earlier than 1998 on the following subjects:  
1) Fuel handling behaviour: grindability, erosion and abrasion properties, safety and 
feedability.  
2) Combustion characterization: devolatilization properties  (important for ignition and flame 
stability), char burnout time.  
3) Slagging, fouling and bed agglomeration properties of the fuel.   
 
The immediate usefulness for this study of the characterization methods found were 
evaluated. Apart from this, it was not verified that the methods found are practically useful, as 
this was way beyond the available resources of the project.  
 
The emphasis has been on laboratory and bench-scale experimental methods for fuel and ash 
characterisation. The strategy was to search for general methods for characterisation of 
biomass fuels and solid recovered fuels rather than for characterisation of particular fuels.  
 
The following limitations were used: 
• Tar measurement techniques were not included since they were considered relevant 
 for gasification for catalysis and methanol or DME production rather than for heat and 
 power production; 
• Uses of ashes for purposes like construction, fertilisation etc were not included, the 
 only concern for ashes was possible problems with combustion equipment; 
• Only works published after the year 1997 were considered; 
• Non-technical issues (e.g. economic and legislative issues) were not considered.  
 
Papers fulfilling the search criteria but obviously irrelevant in this context were excluded (e.g. 
work on nuclear technology, geology, sewage treatment etc).  
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4.2 Fuel and combustion characterization of solid residues from transport 
biofuel production 
 
The solid residues (described in sections 2.1.1 to 2.1.3) from transport biofuel production 
were characterized to identify suitable combustion applications. The fuel properties of the 
materials were analyzed, as described in section 4.2.2. The combustion properties of the 
materials, including mixtures with other biomass fuels, were determined in a bench-scale 
fluidized bed, a bench-scale pellets burner (to simulate grate combustion) and a powder 
burner, as described in section 4.2.3.  
 
For RM and wheat DDGS, combustion tests in all three appliances were made. For hydrolysis 
residue from ligno-cellulosic (woody) production of ethanol, a powder combustion test was 
made as part of the present study. Results from previous studies of combustion of hydrolysis 
residue in a fluidized bed and an underfed pellet combustor (to simulate conditions grate 
combustion) are included for comparison, as they were tested under similar conditions as RM 
and wheat DDGS.  
 
 
4.2.1 Fuels used 
 
The fuels used were RM from biodiesel production, wheat DDGS from ethanol production 
and hydrolysis residues from wood-based ethanol production (described below).  
 
 
RM 
Based on the results of the analyses described in section 4.2.1, a typical RM was selected for 
the present study. It was taken from the Karlshamn plant in southern Sweden, which mainly 
uses rapeseeds from southern Sweden, Poland and Germany. The selected RM was 
homogenized and stored in sacks prior to further processing. In two of the three combustion 
test series (described in sections 4.2.3 and 4.2.4), pelletized fuels were used. In the third 
(described in section 4.2.5), pulverized fuels were used. For the two test series using pellets, 
softwood bark was selected as a suitable and representative co-combustion forest (woody) 
fuel and obtained as pellets from a pellet mill in Mönsterås (Södra Skogsenergi AB).   
 
Three different mixtures of the fuels (raw materials) were pelletized. The bark pellets were 
ground and RM was added at two levels; 10 and 30 %wt, d.s, and these mixtures were pelletized 
separately. To obtain pellets with high durability (i.e. mechanical strength/density) from pure 
RM proved to be difficult. Admixing cutter shavings from soft wood improved the quality of 
the pellets to an acceptable degree. By measuring the ash content of the pellets, the admixture 
of cutter shaving was estimated at 20%wt. Since the ash contents of RM and cutter shavings 
were 7.4 and 0.3 %wt respectively, the fuel ash composition of the resulting pellets was totally 
dominated by the RM (99% of the ash). Therefore, the pellets containing 80 %wt RM and 20 
%wt cutter shavings will henceforth be denoted RM pellets. The compositions of the fuels 
used for the combustion experiments are described in paper 2, table 2 (RM), paper 4, tables 1-
3 (wheat DDGS) and paper 6, table3.  
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For the powder combustion tests, RM as received was used. The material generally consisted 
of fine particles, with those smaller than 1 mm (diameter determined by sieving) having 80 
percent of the mass. As a precaution against operational problems in the pilot-scale burner, 
the powder was ground to eliminate the largest particles. In addition, commercial wood 
powder was used as a reference fuel for the powder burner tests. For the ground RM, 47 %wt 
consisted of particles smaller than 125 µm. 
 
 
Wheat DDGS 
Pelletized wheat DDGS from a northern European manufacturer was used. Fodder pellets of 
wheat DDGS as delivered from a northern European commercial production facility were 
used for the combustion tests.  To test the behavior of DDGS in mixtures, logging residues 
(LR) and wheat straw were selected. In Sweden, woody biomass is more common than 
agricultural biomass, and LR is a widely available woody biomass fuel. Wheat straw is a 
typical agricultural biomass fuel, available in the same regions as the ethanol plant feedstock.  
 
Two mixes of ground fuels were produced. The composition of the LR-DDGS mix was 60 to 
40 %wt ds, respectively. The composition of the wheat straw-DDGS mix was 50 to 50 %wt ds, 
respectively. The mixed fuels were pelletized (8 mm diam.). The compositions of the 
resulting fuels are described in table 2, paper 4. For the grate combustion tests of wheat 
DDGS pellets, combustion could not be sustained due to severe slag formation, and therefore 
a mixture of DDGS pellets and 50 %wt ds of wood (birch) pellets was used (the wheat DDGS 
contributing about 90 percent of the ash content of the mix). For the powder combustion tests, 
ground DDGS pellets were used. The compositions of the fuels used for the combustion 
experiments are described in paper 4, tables 1-3.  
 
Hydrolysis residue from ligno-cellulosic (woody) production of ethanol and residues 
For the powder burner test, AHR was used. The two-stage dilute-acid hydrolysis process has 
been described elsewhere,87 and is only summarized here. A total of 500 kg (dry substance) of 
residue was produced from 1000 kg (dry substance) of stemwood spruce. A two-stage 250 
liter hydrolysis reactor was used. The initial sulfuric acid concentration was 5 g H2SO4 per 
liter, and the residence time was 10 minutes in stage 1 and 7 minutes in stage 2. The 
temperature was 190 ºC in the first stage and 210 ºC in the second stage. The batches used 
were 20 kg (dry substance) for stage 1 and 15 kg for stage 2. The final ethanol yield was 16.6 
%wt ds of the dry feedstock. The yield of dry hydrolysis residue on a dry basis was 55% wt ds. 
The batches used for the grate combustion tests and powder burner tests were dewatered using 
a centrifuge and then air dried. For the thermo-gravimetric analysis (described in the next 
section and in paper 5), the same batch of AHR was used. In addition, SSFR from Lund 
University was tested. The compositions of the AHR used for the combustion experiments is 
described in paper 6, table 3.   
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4.2.2 Characterization of fuel properties 
 
A comprehensive analysis of fuel properties was made. Nine batches of RM from five 
European producers were analyzed. To provide data on wheat DDGS, the ETDE88 and the 
Web of Science databases were searched for data on wheat DDGS. In addition, an ethanol 
producer in northern Europe provided feed analyses  (including 14 analyses of moisture 
content, 7 analyses of ash P, K, Ca, Mg and Na and 4 analyses of As, Cd, Hg and Pb)  .From 
these analyses the ranges of variation in fuel-/feed analyses properties were determined. The 
batch of AHR and SSFR used for the experiments (described in section 4.2.1) was analyzed.  
 
For each sample of residue, moisture content (SS-1871 70), volatile content (ISO-562), ash 
content (SS-18 71 71), lower heating value (SS-ISO 1928), elementary composition (C, H, O, 
N), sulfur content (SS-18 71 77) and chlorine content (SS-18 71 54) were determined. 
Contents of main ash-forming elements (including Si, K, Na, Ca, Fe, Mg, Al, P and Mn) were 
determined using inductively-coupled plasma-atomic emission spectroscopy (ICP-AES) 
Contents of trace elements were also determined (As, Cd, Co, Cu, Hg, Ni, Pb, B, Sb, Se and S 
using ICP-AES and Ba, Cr, Mo, Nb, Sc, V, W, Y, Zn and Zr using ICP-SMS).  
 
Feeding properties were tested using a funnel test described by Paulrud.89 A total of 2 liters of 
the material was placed in a funnel, resting on a horizontal bottom plate, which was 
instantaneously removed. As a result, the fuel either gravitated through the funnel opening or 
formed an obstructing bridge, which blocked the flow. The outcome was recorded for each 
funnel size with five repetitions to reduce the influence of inhomogeneous fuel and random 
disturbances (interrupted flow for a single repetition was interpreted as bridging for the 
opening size used). The smallest funnel diameter used was 60 mm.  
 
TGA measurements were used to identify possible ignition problems at low to moderate 
heating rates. A heating rate of 20 K per minute was used. An N2 atmosphere and 1 bar total 
pressure were used for all materials. For residues from wood-based ethanol production, tests 
were made using air and CO2 as well, and in addition to tests at atmospheric pressure, tests at 
12 bar total pressure were also made to determine potential problems in gasification/combined 
cycle applications (see Paper 5 for details).  
 
 
 
4.2.3 Characterization of fluidized-bed combustion properties 
 
Pelletized transport fuel residues, and pelletized mixture of these with the co-combustion fuels 
described in section 4.2.1 were combusted in a bench-scale fluidized bubbling bed (5 kW), 
shown schematically in figure 12. The bed material consisted of quartz sand (at least 98 %wt 
SiO2) with diameters between 200 and 250 µm. Each fuel was first combusted at a bed 
temperature of 800 oC for 8 hours, corresponding to a total amount of 5 kg fuel/experiment, 
unless defluidization occurred before that. For straw, the bed temperature was 730 oC instead 
of 800 oC. The temperature in the freeboard was 800±15 oC. The temperatures were 
controlled via individual regulation of the wall heating sections. During combustion the 
oxygen content in the dry gas was 8-10 percent and the CO concentration was 100-200 ppm. 
The fluidizing velocity was 1 m/s, corresponding to ten times the minimum fluidizing 
velocity. After the end of the combustion period, a bed material sample was collected.  
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During the combustion period, flue gas of about 200 ºC was sampled after the cyclone (cut-off 
size 10 µm) and concentrations of O2, CO and NO were continuously measured using  a Testo 
XL 350 gas analyzer (electrochemical sensors). The SO2 and HCl content of sampled flue gas 
was captured in 0.3 percent hydrogen peroxide solution and sulfur was quantified by ICP-
AES and chlorine by DIN EN ISO 10304-1, with the results recalculated to SO2 and HCl, 
respectively.  
 
Total particulate matter (PMtot) mass concentrations were measured through isokinetic 
sampling from the flue gas at about 160 ºC using conventional equipment with quartz fiber 
filters. The PM mass size distribution was determined in a 13-stage low-pressure cascade 
impactor (LPI) from Dekati Ltd, which separates particles according to their aerodynamic 
diameter in the interval of 0.03-10 µm. The impactor was heated to around 120 oC during the 
sampling. Aluminium foils (not greased) were used as substrates in the impactor. 
 
An air-cooled deposition probe with test rings of stainless steel, simulating super heater tube 
surfaces, was used to collect deposits in the freeboard. The metal temperature of the steel 
rings was measured by thermocouples and regulators controlled the flow of cooling air on the 
inside of the test ring. During all experiments, the ring surface temperature was set at 450 °C 
and the exposure (sampling) time was 6 h. The temperature around the deposition probe was 
750 ± 50 ºC in all tests.   
 
The residence time of the flue gas from the bed section to the deposit sampling point was 
about 12 s. Particles for PMtot and impactor measurements were collected at a lower 
temperature, at a distance further downstream corresponding to a difference in residence time 
of 1 s at most.  
 
Bed agglomeration tendencies of the fuels were quantified using a method developed and 
evaluated by Öhman and Nordin.90 The temperature for initial bed agglomeration can usually 
be determined with an accuracy of {±} 5 ºC at 900 ºC.90 After the combustion had been 
completed, the bed temperature was raised at a constant rate of 3 K per minute by heating of 
the primary air and of the bed section walls. To keep the temperature uniform, a propane 
precombustor was used to provide realistic gas composition. Four bed temperatures and four 
differential pressures were recorded and analyzed to detect initial bed agglomeration. After 
each experiment, all bed material/agglomerates were collected for further chemical analysis.   
 
Bed material and agglomerates from the fluidized bed were studied with analysis methods 
described below. Also, particles collected in all impactor tests and deposits on all tests rings 
were analyzed, as described in section 4.2.6.  
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Figure 12. Fluidized bed (5 kW) used for the combustion experiments.  
 
 
4.2.4 Characterization of grate combustion properties 
 
A residential pellet combustor was used to simulate conditions in a large-scale grate 
combustor. For the combustion tests, a typical underfed pellet burner (Eco-Tech A3, 20 kW) 
was installed in a reference boiler (Combifire) used for the national certification test of 
residential pellet burners in Sweden, see figure 13. For combustion of LR, LR-DDGS and 
DDGS/wood pellets, the experiments lasted approximately 24 h with continuous operation at 
a constant fuel power of 12 kW. For wheat straw and wheat straw-DDGS the temperature 
may have been lowered during the later part of the experiment due to slagging (see section 
5.2), otherwise the temperatures did not vary for the different fuels used. For the DDGS/wood 
pellets fuel mixture, the flue gas composition, flue gas particle matter content and size 
distribution of the particles were not analyzed because of the potential influence of the 
inhomogeneous fuel composition.  
 
Three thermocouples of type N were situated at different levels above the grate. By 
continuous measurements during the experiments, the maximum combustion temperature in 
the region where the slag was formed, i.e. on the burner grate, was estimated to be about 1200 
- 1250 ºC. These temperatures did not vary for the different fuels used. Excess air flow was 
set at a level corresponding to 9-10% O2 in the dried flue gas for all tests. The flue gas 
average CO concentration was below 500 ppm in all tests.  
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The procedure for analysis of flue gas composition, flue gas particulate matter content and 
size distribution of the particles was similar to the fluidized bed tests (described in the 
previous section), except that the flue gas temperature was 150 ºC, and that no deposition 
probe was used. The residual matter after full conversion in an underfed pellet burner was 
distributed among (1) molten ash (slag) deposited in the burner or shed over the burner grate 
edge down to the bottom of the boiler, (2) non-molten ash at the bottom of the boiler (bottom 
ash) and (3) fly ash. All molten particles greater than 3 mm were removed from the bottom 
ash by sieving and characterized as slag. The amount of deposited matter in the burner as well 
as in the boiler (i.e. bottom ash and slag) was quantified after each experiment, and the 
products were collected for analysis, described in section 3.2.6.  
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Figure 13. Illustration of the used pellet burner equipment (12 kW) and the flue-gas sampling 
set-up.  O2, CO and NO were continuously measured using electrochemical sensors and the 
SO2 and HCl content of sampled flue gases was captured in a hydrogen peroxide solution.   
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4.2.5 Characterization of powder combustion properties 
 
Combustion experiments with RM, ground DDGS and ground AHR were made in a 150 kW 
VTS swirling powder burner set-up with three sets of air vanes with separate flow controls, 
with the experimental set-up schematically shown in figure 14. A reference test with 
commercial wood powder was performed for comparison. The outer diameter of the burner 
was 130 mm. Fuel was transported pneumatically along the axis of the burner, with three 
annular sets of swirl vanes. The average fuel flow was 21 kg/h. For RM and DDGS the air 
flow was adjusted for an oxygen concentration of 3.5 - 4 % in the dry flue gas. For AHR the 
dry flue gas oxygen concentration was slightly higher, 4.5-5 %.  
 

 
Figure 14. Schematic view of the powder combustor (150 kW) experimental set-up. The 
locations for thermocouples at the wall (Tw1 and Tw2) and in the gas T1-4 are shown.  
 
The respective air flows as a percentage of the total flow were transport air (10%), primary air 
(20 %), secondary air (30%) and tertiary air (40%) for RM and DDGS. For AHR, primary, 
secondary and tertiary air flows were similar. The internal cross section of the furnace used 
for RM and DDGS combustion was 550 x 550 mm, and its inner length was 3 100 mm. The 
measured furnace temperature was 1 100 ºC, which was lowered to 950 ºC at the end of the 
furnace. For AHR, a boiler of type Teeem, (Eryl, Falun, Sweden) with a smaller insulated 
furnace was used (see paper 6).   
 
For RM and wheat DDGS, an air-cooled deposition probe, similar to the one used for the 
fluidized-bed tests, was mounted at the end of the combustion chamber (position shown in 
figure 15). Again, the ring surface temperature was set at 450 ºC, and the exposure time was 6 
h.  
 
After the end of the powder-burner tests, ash from the burner, ash from the bottom of the 
furnace, and ash from the boiler were collected for further analysis, the procedure being 
similar to the fluidized bed tests (section 4.2.3).  
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4.2.6 Analysis of bed material, agglomerates, slags, bottom ashes, cyclone ash and 
particles 
 
 
Morphologies were studied with scanning electron microscopy (SEM) and elemental 
compositions analyzed using SEM/EDS (energy-dispersive X-ray analysis) spot- and area 
analyses (100x100 µm). For all combustion tests, fine-mode fly-ash particles from impactor 
plates 4, 5 and occasionally 6, with geometric mean diameters (GMD) of 0.19, 0.32 and 0.52 
µm respectively, were analyzed with SEM/EDS. For the fluidized bed tests, the coarse 
particles collected on impactor plates 10 (GMD 3.3 µm) and in some instances plate 12 
(GMD 8.7 µm) were analyzed by the same method.  
 
Bed samples and agglomerates from the fluidized bed were mounted in epoxy, cut, polished 
and analyzed with SEM/EDS to determine their morphology and elemental composition and 
to measure the thickness of layers formed on the bed particles. From the deposit probes, lee-
side deposits were analyzed with SEM/EDS. Slag and bottom ashes from the grate 
combustion and from the powder combustion were also analyzed using SEM/EDS.  
 
Qualitative measurements of crystalline phases in slag and bottom ash from the grate 
combustor tests and bottom ash from the powder burner were made using X-Ray Diffraction 
(XRD).  XRD was also used for analyzing the fine-mode particles (with diameters below 1 
µm) from all combustion tests and coarse-mode particles from the fluidized bed tests, with the 
same impactor stages selected as previously. Finally, lee-side materials from the deposition 
probes used in the fluidized bed tests and powder burner tests were studied with XRD.  
 

 
4.3 Possible combustion applications 
 
The results from section 4.2 are used to determine possible combustion applications for the 
materials studied. Fuel properties which are important for small-scale residential heating 
applications include small risks of slagging and low gaseous and particle emissions. For 
larger-scale combustion, the investments for flue-gas cleaning can be afforded, and higher 
emissions can be tolerated. Fuel properties which are important for heat and power 
applications include risks of slagging, fouling and fluidized bed agglomeration, and risks of 
superheater corrosion. For combined-cycle applications high concentrations of alkali, particles 
and sulfur are problematic for the blade surfaces of the gas turbine, as discussed in section 
2.2.82

 
As several production processes for transport biofuel production require considerable amounts 
of process heat and electricity while large quantities of residues are available, process heat 
and electricity can be generated on site. This can be combined in various ways with sale of 
surplus heat, electricity and solid fuel. The results of the fuel characterization and the 
combustion experiments were used to select the fuel with properties most suited to electricity 
generation.  
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4.4 Techno-economic assessment for CHP and solid fuel production at a 
transport biofuel plant 
 
For one fuel the techno-economic outcomes for different CHP options are compared. The 
residue with the lowest ash and alkali concentration (HR) was selected for this study. In the 
study it was assumed the SSF process (the wood-based ethanol production process with the 
highest ethanol yield) was used, and that the HR from the process (SSFR) could be produced 
with sufficiently low ash and alkali concentrations for combined-cycle use. In all four options, 
solid residue is used to generate process steam and some electricity for the transport biofuel 
production. For the excess solid fuel the following four uses of the residues were considered:  
1. Sale of unrefined fuel; 
2. Production of fuel pellets for sale; 
3. Electricity and district heat generation in a back-pressure steam power plant; 
4. Generation of electricity in a combined-cycle plant.  
 
For estimating the steam-cycle investment, investments for recently constructed combined 
heat and power plants in Sweden are used. To estimate electricity production, it is assumed 
that the steam is produced at 540 ºC and 120 bar and expanded in a steam turbine (at 86 
percent isentropic efficiency), with process steam extracted at 25, 12 and 4 bar, with the 
respective steam loads estimated using data from simulations at Lund University.4, 91  
 
For the combined cycle, it is assumed that the practical difficulties associated with gas turbine 
operation on pressurized hydrolysis residue (described in section 2.2) can be overcome. The 
purpose here is to determine whether this kind of process, if technically feasible, gives 
economic or other advantages that would justify the research and development that is 
necessary before it can be used in practice.  
 
The electric power production from a commercial gas turbine was estimated. To calculate 
performance on biomass, the compressor air flow and turbine dimensionless mass flow, 
known for natural gas operation, were kept constant. As the heating value of biofuel is lower 
than for natural gas, this required a lower fuel flow and thus in combustion power and turbine 
inlet temperature, resulting in some reduction of performance.  
 
The impact of marginal increases in Swedish electric power production were estimated by 
Sköldberg and Unger92 who concluded that mainly coal and oil-based production would be 
replaced (mainly on the European continent), reducing net CO2 emissions with 670 kg/MWhe.  
 
CO2 emission factors for substitution of petrol were taken from IPCC.93 The average fuel mix 
for district heat is used (4% coal, 6% oil and 4 % natural gas, the rest mainly renewables,94 
with emission factors taken from IPCC.95 For small-scale heating SSFR pellets either could 
replace oil, electricity or biomass, but market introduction would require suitable and properly 
tested equipment. Here, pellets are assumed to be used for district heat. SO2 and NOx 
emissions were estimated through mass balances, using data provided by Lund University.96  
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5 Results and discussion 
 
5.1 Recent characterization methods for solid biomass fuels 
 
Some of the recent characterization methods found through the literature search are 
summarized and discussed below, with a focus on their relevance for the present study. A 
more detailed presentation is available in paper 1. As pointed out in section 4.1, any 
verification of the practical usefulness of these methods in other contexts has been outside the 
scope if the current investigation.   
 
 
Recent methods characterizing fuel handling, storage and feeding properties 
There have been relatively few results on fuel handling, storage and feeding properties. 
Grindability is mostly important for powder combustion. The conventional method used for 
coal, the Hardgrove Grindability Index, is defined as the mass fraction of particles which pass 
a sieve of 74 μm in  pre-treated fuel and is not practically useful for biomass fuels. For most 
biomass fuels, a high HGI can usually be achieved by increasing the grinding power used, an 
important parameter not taken into account by the method. New methods taking power 
consumption into account have therefore been suggested by Bergman et al97 and by Berg.98  
 
Bridging is a well-known problem when feeding biomass fuels, especially for straw and some 
other agricultural fuels. Paulrud et al designed a method for testing bridging of powders using 
funnels with different opening sizes.89 Another way to measure bridging of pulverised fuels 
was designed by Mattsson and Hofman.99 The bottom gate of a commercial silo for storage of 
sand was used. A slot opening is gradually widened (using a pair of rolls) until the bridge of 
fuel particles is broken.  
 
In addition, methods for sampling preparation,100 testing of self-ignition risks for dust and 
explosion suppression101 and determination of fuel particle shape and size distribution using 
optical microscopy and image analysis102  have been presented since 1998.  
 
 
Recent methods for characterizing combustion properties 
There are a large number of recent methods available for characterising combustion 
properties. Heating rates have been shown to influence devolatilisation kinetics considerably, 
and this influence must always be kept in mind. Most methods for characterization of 
combustion properties are based on TGA, 103, 104, 105, 106, 107, 108 which is mainly relevant for 
grate combustion where the heating rates are low, and particle sizes are large compared to 
powder combustion. To provide combustion conditions reasonably similar to full-scale 
applications, bench-scale test rigs for fluidized bed combustion90, 109  and grate combustion 
are available.110, 111   
 
With drop tube reactor methods heating rates similar to conditions in a powder burner can be 
achieved. Characterization methods using drop-tube reactors for fuel particles larger than 150 
µm were developed by Biagini and his colleagues at Università di Pisa, who also developed a 
model for fluid dynamics, energy balances and heat and mass transfer.112 For reactivity 
measurements, an entrained-flow reactor at ECN, Netherlands, modified for a residence time 
of 2-3 s is used to study char burnout.102
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With wired-mesh reactors high heating rates are also possible, although a drawback of powder 
fuels is the difficulty of discriminating between the intrinsic kinetics of the fuel and the heat 
and mass transfer properties, the latter depending on the experimental situation e.g. the size 
and shape of the entire fuel sample. To interpret results from a wired-mesh reactor, a 
mathematical model for the description of single-particle pyrolysis (olive kernel particle, 
spherical, 175 µm) and prediction of product yields was developed by A. Zabaniotou and 
coworkers.113  
 
 
Recent methods for characterizing ash-related properties 
For determining the risk of ash-related operational problems, one approach is to predict it 
directly from fuel properties. Computer controlled scanning electron microscopy (CCSEM) 
adapted to biofuels has been used to discriminate between included and excluded minerals 
within the fuel matrix.102 Methods for chemical characterization of fuels to predict ash-related 
operational problems through leaching combined with conductivity measurements of the 
liquid114 and sequential leaching (chemical fractionation)115 have been developed, which 
could conceivably be more cost-effective than combustion tests for screening of many fuels.  
 
Another approach is to make measurements of the ash produced from combustion. CCSEM 
has been used to detect changes in species composition for deposits, fly ashes and bottom 
ashes, collected on an air-cooled probe.116 Frandsen et al have also used a method known as 
High Temperature Light Microscopy (HTLM, i.e. detecting phase changes with a microscope 
and image analysis) with the advantage that they give information about the molten fraction 
as a function of the temperature rather than a single temperature value. 117 The method is also 
known as the Melt Area Fraction (MAF) method.118 Ash fusibility has also been studied by 
Frandsen et al by measuring the viscosity of melted ashes.119  
 
For measurements of ash properties it is essential that the ash is produced through combustion 
conditions reasonably similar to the full-scale applications considered. Again, bench-scale 
methods exist for fluidized beds and grate combustors but not for powder combustors. A 
method for quantification of bed agglomeration tendencies of different fuels has been 
developed and evaluated by Öhman and Nordin.90 A rotary furnace has also been used to heat 
bed material from a fluidized bed to measure agglomeration tendencies.120 A method for 
monitoring fluidized-bed combustion using pressure variations has been developed. 121   
 
A method for characterisation of fuels according to their slagging properties in grate 
combustion has been developed by Öhman et al.122 A method for measurement of 
temperatures and gas composition in a burning fixed biofuel bed has been developed by 
Rönnbäck at SP, Sweden.123  
 
Fly ash particles from combustion cause ash deposition on material surfaces, which increases 
the temperature difference between the gas and water/steam side and may lead to corrosion. 
Combustion generated particles are also a potential health problem. Two reactors have been 
designed for studying aerosol formation. 124, 125  Several methods for measuring alkali release 
on-line are reported. 126, 127, 128, 129  
 
To compare different superheater materials during 1000 h of co-firing, laboratory corrosion 
tests have been carried out by N.J. Simms.130  Tests were made using controlled atmosphere 
furnaces of five superheater alloy samples at temperatures typical of metal surfaces of 
superheaters and evaporators.  The metal surfaces were coated with KCl, K2SO4 and fly ash in 
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different mixtures, to simulate deposits actually observed on superheaters and mass losses 
were monitored.131

 
 
Discussion 
Any characterisation method is a trade-off between accuracy, time and costs. While routine 
tests are well defined and performed in a structured and controlled manner, thermal and 
chemical conditions may be different from actual applications. Full-scale tests provide realism 
but may be costly, problematic and time consuming. The challenge is to design cost-effective 
laboratory- and bench-scale methods which reproduce the main features of the full-scale 
energy plant.  
 
The conditions in different combustion applications are considerably different. When grate 
combustion is used, fuel particles can be large. Thermal and chemical conditions are 
altogether different in each layer of the bed. Heating and drying take up considerable time. 
Fuel particles used in a powder burner typically have diameters below 1 mm. They are heated 
several orders of magnitude faster than particles on a grate. In the powder burner case, feeding 
and stable combustion may be a problem for some fuels.  
 
Grinding the feedstock to powder may also be problematic. During handling, dust explosions 
are a potential problem. In a fluidised bed, particles are of intermediate sizes, about 10 to 100 
mm. Thermal and chemical conditions are fairly homogeneous for all particles regardless of 
their stage of combustion. Chemical interaction with the bed material is another complicating 
process. When considering the use of a fuel in a fluidised bed, some knowledge of the 
likelyhood of bed agglomeration is important.  
 
In these three cases, the distribution of the ash-forming elements among the different end 
products (fly ash, bottom ash, fine and coarse particles, deposits at different locations in the 
boiler, gas phase) is bound to be completely different, and so are the chemical and thermal 
conditions they go through. Therefore, fouling and slagging problems must be considered 
separately for each individual combination of fuel mixes and combustion application.  
 
Most characterisation tests can only reproduce some of these features. By choosing the 
conditions that are relevant for each particular case, the data may still be useful for careful  
predictions (e.g. combustion, ash forming, deposition).   
 
Of the methods for predicting the risk of ash-related operational problems directly from fuel 
properties, leaching and chemical fractionation could possibly be interesting to develop 
further as a biomass fuel characterisation tool. The water leaching method, combined with 
conductivity measurements, could be used in combination with other methods as an early 
indication of possible alkali problems. However, how well the results agree with thermal 
measurement methods has not been systematically tested.  
 
Several methods for ash characterization are interesting, for instance the MAF method which 
could be useful as a complement to SEM/EDS and XRD measurements, provided that the ash 
materials under study are produced under conditions which are relevant for the application 
studied.  
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Grates and fluidised beds in bench-scale can potentially be used to simulate fouling, slagging 
and bed agglomeration in full-scale facilities. On the other hand powder burner flames cannot 
be down-sized to bench-scale without affecting the properties studied, like flame stability. 
Measurements of relevant fuel-specific combustion properties in combination with modelling 
must therefore be used.  
 
Concerning characterization of combustion properties, there is a lack of convenient equipment 
which operators of boilers with powder burners can use on-site to get data on devolatilisation 
kinetics and char burnout rates. TGA is widely used, no doubt because it is an accepted and 
relatively cheap method compared to drop-tube reactors/entrained-flow reactors. The obvious 
problem is the low heating rate (tens of K per minute), which can be an acceptable 
approximation for grate combustors but is several orders of magnitude lower than the 
conditions in a fluidised bed, and even more different from conditions in a powder burner. On 
the other hand, entrained-flow reactors require substantial investments and preparations for 
measurements are time-consuming. For most heat and power plant owners they are not 
available in-house and measurements must be made somewhere else in campaigns, planned 
well in advance. This probably limits their use. There is thus a need for some bench-scale 
equipment of intermediate complexity and high heating rates that preferably yields data 
within the same day.  
 
For modeling combustion of pulverised fuels, models combining fluid dynamics, energy 
balance and heat and mass transfer are useful when combined with drop tube/entrained flow 
reactor measurements (e.g. a model developed by Biagini et al.132). For powders, data on 
particle size and shape distribution methods are important. The optical method mentioned 
should be useful for fuels with coarser particles102 but for powders there is a lack of simple 
and reliable methods. The methods developed to monitor alkali release online seem to be too 
complex for routine use in combustion applications.  
 
Below, the implications for the present study of the methods found in the literature search are 
summarized. The risk of sampling errors in the current study was minimized by sampling at 
many different times and by proper mixing. The resulting material compositions were also 
compared with material from different sources and other studies. New methods for sampling 
were therefore not considered to be a priority. Neither grindability nor feeding were 
problematic for any of the materials studied. For the fuel feeding tests, the method designed 
by Paulrud89 was used, as it was more convenient to use than the method developed by 
Mattsson and Hofman99 to use and was considered sufficiently reliable. Safety considerations 
were outside the scope of the current study. Although sieving is an inherently problematic 
way to measure particle size, as the result depends on particle shape, it was considered 
sufficiently reproducible for the purpose of this study.  
 
Regarding characterization of combustion properties, bench-scale tests with a fluidized-bed 
and an underfed pellet burner and pilot-scale powder burner tests were used. For fuel 
characterization, conventional TGA analysis was used. Although considered, characterization 
experiments with higher heating rates like entrained-flow reactor tests were excluded due to 
resource limitations. Besides, the bench- and pilot-scale tests were considered to give 
sufficient information.  
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While several recently developed characterization methods are interesting (e.g. fuel leaching 
and fractionation), their advantage compared to bench and pilot-scale tests is mainly that they 
may be more cost-effective when a large number of samples have to be tested. Also, methods 
for predicting ash properties using these methods may need further verification.  
 
Concerning slagging and fouling problems, there is a need for bench-scale methods that are 
more similar to actual thermal and chemical combustion conditions.  A limitation of standard 
tests like the ASTM ash fusion test is that the conditions, while well defined are not very 
realistic. In one study, results from the ASTM standard ash fusion test and a compression 
strength based sintering test using laboratory ashes were compared with a controlled fluidized 
bed aglommeration (CFBA) test. The ASTM standard ash fusion tests generally showed 50 - 
500 ºC higher temperatures than the sintering test and the CFBA test. The sintering test 
generally showed 20 to 40 ºC lower sintering temperatures than the CFBA test.133  
 
As bench-scale and pilot-scale experiments provide better control of experimental conditions 
than full-scale experiments, and are more cost-effective, they were preferred for the present 
study. Conditions in full-scale units are not easily reproduced in smaller scale. While lab-scale 
methods provide convenience and well-defined conditions, sophisticated theoretical 
modelling is needed to apply the results to full-scale applications. Bench-scale and pilot-scale 
experiments offer a compromise, where the operational conditions are reasonably similar to 
full-scale applications, with results which can be interpreted without complicated modelling. 
Several such methods were identified in the survey, and were selected for use in the present 
study.  
 
 
5.2. Combustion properties for the solid by-products from transport biofuel 
production 

 

5.2.1 Fuel analysis, handling and feeding properties 
The heating values of HR (AHR and SSFR) were higher than for wood. As the two major 
wood components (cellulose and hemicellulose) are mostly converted to sugars, the lignin 
which has a higher heating value, is concentrated. The other residues had heating values 
roughly comparable to wood. All pulverized residues had better feeding properties than wood 
powder. The probable reason is that the residue particles have shapes which are closer to 
spherical than the more stick-like wood particles.   
 
RM and wheat DDGS had higher ash contents than most common forest fuels and in the same 
range as many agricultural fuels.  HR mostly had very low contents of ash, in particular of 
alkali. The exact amount of ash-forming elements in HR depends on how it is washed and 
filtered, and it is therefore not a well-defined property. DDGS had high concentrations of S, 
N, K and P, compared to most other biomass fuels. Compared to DDGS, RM had a higher 
content of Ca and Mg. The Cl content of wheat DDGS was similar to wheat straw, while RM 
had a lower Cl content, similar to wood. The compositions of the residues are shown in tables 
2-4. The compositions of the co-combustion fuels are described in paper 3 (bark, cutter 
shavings) and paper 4 (logging residues, wheat straw, wood powder) 
 
 
 



42 

Table 2. Properties of the residues  
R

SM
 

D
D

G
S 

A
H

R
 

SSFR
 

 
M

in. 
A

v. 
M

ax. 
M

in. 
A

v. 
M

ax. 
M

in. 
A

v. 
M

ax. 
M

in. 
A

v. 
M

ax. 
A

sh content, %
w

t ds  
6.70 

7.41 
7.80 

3.60 
5.36 

8.40 
<0.1 

0.5 
0.78 

0.12 
0.19 

0.28 
V

olatile fraction, 
%

w
t ds  

74.0 
74.0 

74.1 
77.6 

77.6 
77.6 

78.4 
78.4 

78.4 
n.a. 

n.a. 
n.a. 

H
H

V
, M

J/kg d.w
.  

19.3 
19.57 

20.0 
20.6 

20.6 
20.6 

21.8 
22.7 

23.5 
21.2 

21.5 
22.0 

LH
V

, M
J/kg d.w

.  
18.1 

18.2 
18.8 

19.2 
19.2 

19.2 
20.2 

20.9 
22.1 

19.6 
19.9 

20.5 
  Table 3. U

ltim
ate analysis of the residues 

R
M

 
D

D
G

S 
A

H
R

 
SSFR

 
 

M
in.

A
v. 

M
ax. 

M
in. 

A
v. 

M
ax. 

M
in. 

A
v. 

M
ax. 

M
in. 

A
v. 

M
ax. 

C
, %

w
t ds  

46.2 
46.8 

47.6 
45.1 

46.6   
48.3 

55.7
59.1

62.16
58

59.5
60.9

H
, %

w
t ds  

6.1 
6.2 

6.3 
6.9 

6.95   
7.00 

5.8
5.90

6
5.9

5.9
5.9

N
, %

w
t ds  

5.00 
5.82 

6.4 
5.1 

5.5   
5.9 

<0.1
0.147

0.19
0.56

0.83
1.13

O
, %

w
t ds  

32.2 
33.1 

33.5 
33.5 

38.0  
42.5 

31.11
34.6

38.5
31.73

33.48
35.31

S, %
w

t ds  
0.68 

0.30 
0.91 

0.30 
0.54 

1.03 
0.03

0.1
0.21

0.2
0.257

0.34
  Table 4. M

ain ash-form
ing elem

ents (not available for SSFR
)   

 
R

M
 

W
heat D

D
G

S 
 

M
in. 

A
verage  

M
ax 

M
in. 

A
verage 

M
ax. 

A
H

R
 

  
C

l, %
w

t ds  
0.02 

0.03 
0.05 

0.22 
0.22 

0.22 
<0.01 

Si, %
w

t ds  
0.02 

0.0925 
0.14 

0.10 
0.10 

0.10 
0.00223 

A
l, %

w
t ds  

0.003 
0.0125 

0.02 
0.00127 

0.00127 
0.00127 

0.000500 
C

a, %
w

t ds  
0.721 

0.721 
0.88 

0.086 
0.159 

0.30 
0.000743 

Fe, %
w

t ds  
0.01 

0.0339 
0.05 

0.011 
0.011 

0.011 
0.00235 

K
, %

w
t ds  

1.20 
1.32 

1.58 
0.75 

1.30 
1.70 

0.000440 
M

g, %
w

t ds  
0.26 

0.535 
1.09 

0.23 
0.12 

0.29 
0.0000965 

N
a, %

w
t ds  

0.01 
0.013 

0.08 
0.03 

0.12 
0.23 

0.000255 
P, %

w
t ds  

1.12 
1.257 

1.32 
0.60 

0.96 
1.05 

0.0000359 



 

   

 

0

20

40

60

80

100

0 200 400 600 800
Temperature (°C)

W
ei

gh
t (

%
)

SSFR
AHR
Wood

 
Figure 15. Results of the thermo-gravimetric analyses (TGA) for RM (upper), wheat DDGS 
(middle and ligno-cellulosic HR and wood (lower) for N2 and a heating rate of 20 ºC per 
minute.  
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Thermo-gravimetric analysis showed that for low heating rates, ignition was not likely to be a 
problem for any of the residues, as sufficient volatiles were released at low temperatures. The 
results are shown in figure 15. For HR (AHR and SSFR), the amount of char was large, 
suggesting that char particle burnout could be a problem (see paper 5). Thermo-gravimetric 
analysis of HR at 12 bar total pressure, showed some increase of char formation, compared to 
atmospheric conditions. The large amount of char formed at high pressure must be taken into 
consideration in combined cycle applications. For chars formed under high heating rates, 
yields and reaction rates under pressurized conditions are needed to quantify this problem and 
should be a subject of further studies.  
 
The analysis of the residues show that ash-related operational problems could be a potential 
risk for RM and wheat DDGS due to e.g. high K content, while the potential risk is small for 
HR. On the other hand, the large char-forming tendency of HR may be a problem for flame 
stability and char particle burnout in powder burner combustion. Therefore, the combustion 
experiments were focused on determining the risks of ash-related operational problems for 
RM and wheat DDGS in the three different applicances, while the focus for HR was mainly 
char aggregate formation, combustion stability and char particle burnout.  
 
 

5.2.2 Fluidized-bed combustion properties 
 
 
Gaseous emissions  
The emissions of NO and SO2 were high from the RM and the wheat DDGS fuels, compared 
to the co-combustion fuels. The emissions of HCl were insignificant for RM fuels. Addition 
of RM to bark changed the NO emissions from combustion by a factor 1.4-2.1 (fluidized bed). 
For the fluidized bed, most of the sulfur content of the RM fuel either stayed in the bed 
material or ended up in the ash particles. About 20 percent of the sulfur content of the RM 
fuel was released into the gaseous phase. Fluidized-bed combustion of DDGS converts more 
than 45 percent of the sulfur content of the fuel into SO2, for the LR-DDGS- and wheat straw-
DDGS-mixtures, only about 40 and 30 percent, respectively, were converted. The gaseous 
emissions from fluidized-bed combustion are shown in table 5.  
 
Table 5. Gaseous emissions (mg/Nm3 at 10% O2 d.g.) from fluidized-bed combustion of RM 
and wheat DDGS, the co-combustion fuels and the mixtures. As the mixture between wheat 
straw and DDGS agglomerated within 2.5 h, no measurements of SO2 emissions were made.  
 SO2 NO 
Bark 4 250 
10% RM in bark 1 360 
30% RM in bark 38 330 
RM 270 520 
Logging residues <2 340 
Logging residues-DDGS 340 420 
Wheat straw <2 340 
Wheat straw-DDGS 340 480 
DDGS  970 710 
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Particle emissions 
Particle emissions from RM combustion were roughly doubled compared to bark, as shown in 
table 6. Emissions from the mixture of LR-DDGS were slightly higher than for pure LR, 
while emissions from pure DDGS were slightly lower. The particle mass size distribution was 
mostly bi-modal, with a fine-mode with diameters below 1 µm and a coarse-mode with 
diameters 1-10 µm, as shown in figure 16.  
 
Table 6. Total particulate matter mass concentrations from fluidized-bed combustion. 
Emissions from the mixture of wheat straw and distillers dried grain with solubles (DDGS) 
and for pure DDGS were not measured as the bed defluidized within 2.5 hours and within 1 
hour, respectively.  Data for HR are not available.  
 PMtot (mg/Nm3 at 10 % O2 ) 
Bark 780 
10% RM in bark 610 
30% RM in bark 1210 
RM 1410 
LR 140 
LR-DDGS 180 
Wheat straw 320 
 
 
Compared to the woody fuels bark and LR, the addition of RM and DDGS, respectively, to 
the fuel mixture resulted in large increases of fine-mode particle emissions. The resulting 
increases in fine-mode particle emissions are larger for DDGS than for RM, despite the higher 
K concentration in RM. The fine-mode particle mass fraction from combustion of DDGS 
mixtures are however smaller than from wheat straw combustion. The formation of coarse 
particle is considerably larger for bark-RM mixtures than for pure bark.  
 
Elementary analyses showed that the fine-mode particles from fluidized-bed combustion of 
bark pellets contained mostly potassium, chlorine, sulfur and calcium (apart from O and C). 
Adding RM to the pellets reduced the chlorine concentration considerably. XRD showed that 
the only crystalline phase for RM-combustion was K2SO4, which is consistent with the molar 
distribution between elements.  
 
The fine-mode particles from fluidized-bed combustion of LR pellets consisted mainly of the 
elements K, Cl and S (apart from O and C). Adding DDGS results in particles with very low 
Cl concentrations, which mainly contain K and S.  For LR-DDGS, XRD analysis showed that 
the fine-mode particles contained K2SO4, with  some K3Na(SO4)2.   
 
The coarse-mode particles from fluidized-bed combustion of RM contained mostly calcium, 
phosphorus and magnesium, in addition to potassium and sulfur. The coarse-mode particles 
from fluidized-bed combustion of LR are mainly composed of Ca, Si and K, on an oxygen 
and carbon-free basis with Ca3MgSi2O7, MgO, MgSiO3 and Ca5(PO4)OH as the major phases 
detected with XRD. The coarser particles from the LR-DDGS mixture mainly composed of 
Ca, S, Si, P and K, with CaSO4 and CaMg(SiO3)2 as the only phases detected with XRD.  
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Figure 16. Particle mass size distribution from fluidized-bed combustion of RM and bark-
RM-mixtures (top) and combustion of DDGS, LR, wheat straw and LR-DDGS mixtures and 
wheat straw-DDGS mixtures (bottom).  
 
Bed agglomeration tendencies 
The bed agglomeration tendencies of the residues as measured by experiments in the bench-
scale fluidized bed (5 kW) varied widely. The temperatures for initial defluidization are 
shown in table 7. RM pellets, like unmixed bark, showed bed agglomeration temperatures 
well above the normal operational bed temperature in fluidized beds. For the fuel mixtures of 
rapeseed meal and bark, the agglomeration temperatures were lower but still above typical 
operational temperatures (800-900 ºC).  
 
During bark combustion, continuous bed particle layers were formed on the bed particles. In 
comparison to combustion of pure bark, bed particle layers formed from combustion of RM 
and bark-RM mixtures were mostly thin and the deposited layers none-continuous. SEM/EDS 
analyses showed that the layer consisted of Si, Ca, P, K, Mg and O.  
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The main difference in bed particle layer composition between the combusted fuels was that 
phosphates/silicates were more common for RM and silicates for bark. More details about bed 
agglomeration processes during these experiments are reported in paper 2.  
 
DDGS had a very high bed agglomeration tendency, which was reduced when it was mixed 
with LR. Quartz grains from DDGS combustion were covered with layers that were 
discontinuous but relatively thick and resembled spots of sticky residual as particles that also 
were found as individual ash particles in the bed. In the analyzed bed sample these bed 
particle layers frequently formed bonds between different quartz particles. The quartz grain 
layers from DDGS combustion consisted mostly of K, P and Si (apart from O). Bed quartz 
grains from LR combustion had non-continuous bed particle layers. These layers consisted of 
a thicker inner bed particle layers with an elemental composition which mainly consisted of 
Si, Ca, K and Mg (apart from O) and a thinner outer layer. The bed particle layers from the 
LR-DDGS mixture contained both an inner more continuous layer composed of Si, K and Mg 
(apart from O) and a more discontinuous outer layer more resembling spots of sticky 
individual ash particles that also were found in the bed. These outer bed particle layers were 
richer in P than the inner layer.  
 
The relatively thick but non-contiunous layers formed on the bed particles from wheat straw-
DDGS combustion were probably very adhesive, as shown by the angles between the layers 
(sports of individual sickky ash particles) and particle surfaces at the end of the grain. These 
layers were mainly composed of Si, K and P (apart from O). During wheat straw combustion 
the bed layers also consisted of sticky residual ash aprticles that could also be found in the 
bed. These bed particle layers contained less P and more Ca compared to wheat straw-DDGS 
combustion. The composition of the bed particle layers in combustion of DDGS, wheat straw-
DDGS and wheat straw as well as the inner bed particle layers in combustion of LR and LR-
DDGS are shown in figure 3, paper 4.  
 
 
The probable reason for the difference in bed agglomeration tendencies of RM and DDGS is 
the higher Ca and Mg concentrations of RM. This results in the formation of calcium-
potassium-magnesium phosphates/silicates for RM combustion, while mostly potassium 
phosphates/silicates are formed for DDGS combustion. As Ca- and Mg-containing 
phosphates/silicates have higher melting temperatures than phosphates/silicates of K only, this 
reduces the risk of the formation of sticky layers on the bed particles and sticky ash particles 
and therefore the formation of bed particle agglomerates. Similarly, co-combustion of the Ca-
rich LR fuel with DDGS reduced the bed agglomeration tendency.  
 
The bed agglomeration tendency for AHR as measured in the study by Andersson134 was 
comparatively low.  
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Table 7. Bed agglomeration temperatures for the fuels studied. The result for AHR from 
Andersson et al134 which is not part of the present study is included for comparison.   
 
 Resulting initial 

defluidization 
temperature for 
different fuels in 
quartz bed 
combustion at similar 
conditions, ºC 

Bark >1 015 
10% RM in bark 965 
30% RM in bark 930 
RM 1 020 
Logging residues 960 
40% DDGS in 
logging residues 

950 

Wheat straw 750 
DDGS in wheat 
straw 

Defluidization during 
combustion at 730 ºC 
after 2 hours of 
experiment 

DDGS Defluidization during 
combustion at 730 ºC 
after 1 hour of 
experiment 

AHR > 1 040 
 
 
Deposit formation 
ESEM/EDS analysis showed that the fine particles from RM-combustion deposited on the 
cooled probe (simulated superheater tube) during fluidized bed combustion contained mostly 
K, Cl and S (apart from O) for all fuel mixtures. The fine-mode fraction collected from the 
lee-side of the probe from combustion of RM had higher concentration of S, and a lower 
concentration of Cl, compared to the fine mode fraction from bark. XRD analysis showed that 
the deposits contained K2SO4, Ca2SO4 and phosphates of calcium, magnesium and potassium 
(KMgPO4, K2P2O7, Ca9MgK(PO4)7 ).  
 
Deposits on the lee-side of the cooled probe from fluidized bed combustion of the LR-DDGS 
mixture contained mainly K and S (apart from O and C).  K2SO4 was detected with XRD, and 
so was smaller amounts of K3Na(SO4)2 , CaSO4,  Ca3Mg(SiO4)2 and CaK2P2O7. The the wind-
side deposits from LR-DDGS combustion contained mainly Si, Ca and K (apart from C and 
O).  In the wind-side deposits from LR-DDGS, the most common phases detected with XRD 
were CaSO4, K2SO4 and K3Na(SO4)2.Compared to deposits from LR-combustion, the Cl-
concentration in the lee deposits from the mixture is much lower i.e. K and S are dominating 
elements. The lee-side deposits from LR combustion was mostly composed of K, Cl and Ca 
(apart from C and O). The main phases detected with XRD from LR lee side were KCl, 
CaCO3, CaSO4, K2SO4 and K3Na(SO4)2  LR combustion resulted in  wind-side deposits of Si, 
Ca and K, with the phases CaCO3, NaAlSi3O8, CaSO4, KAlSi3O8, Ca3Mg(SiO4)2 and 
Ca5(PO4)3OH.detected with XRD.  
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Lee-side deposits from the fluidized combustion of pure DDGS were not found in sufficient 
quantities for separate analysis, due to the fast bed defluidization causing premature shutdown 
of the experiment. The wind-side deposits contained (apart from O and C) mainly K, P, Mg, 
Si, Na and S. The phases detected with XRD from pure DDGS on the wind side included 
CaK2P2O7, K2MgP2O7, (K,Na)2MgP2O7 and ß-K2SO4. Deposits on the lee-side of the probe 
from wheat straw-DDGS- contained mostly K and S (on a C- and O-free basis),, and phases 
detected with XRD were  K2SO4 , K3Na(SO4)2 , CaK2P2O7 and Ca3Mg(SiO4)2. The wind-side 
deposits from wheat straw-DDGS was contained mainly the elements K, P, Mg and Si, with 
the phases CaK2P2O7, K2SO4, MgKPO4 and NaAlSi3O8 detected with XRD. During wheat 
straw combustion the lee-side deposits contained mostly K, Cl and S i.e. the Cl concentration 
were higher than for the wheat straw-DDGS combustion. 
 
For the fluidized-bed tests with AHR by Andersson et al, deposit formation was not 
measured. 134  
 

5.2.3 Grate combustion properties 
 
Combustion of the RM-bark mixtures worked well practically. Combustion of DDGS pellets 
could not be sustained because of slag formation, and as described in section 4.2.1, these were 
mixed with 50 %wt of birch pellets. Continuous underfeeding of AHR pellets was found to be  
preferable, to avoid soot and char aggregate formation caused by sudden drops in 
temperature.135 The char aggregate formation at lower temperatures is a likely consequence of 
the large char formation tendency measured in the TGA, caused by thermal softening of the 
lignin at intermediate temperatures, which reduces the fuel particle porosity and surface area 
resulting in slower release of volatiles. 
 
 
Gaseous emissions  
Gaseous emissions from grate combustion are shown in table 11. From combustion of RM 
and DDGS, emissions of NO and SO2 were generally high, while they are comparatively low 
for AHR. For grate combustion of RM pellets about 70 percent of the sulfur content of the 
RM fuel was found in the gaseous phase. The gaseous emissions from the pellet combustor 
are shown in table 8.  
 
Table 8. Gaseous emissions (mg/Nm3 at 10% O2 d.g.) from grate combustion of the fuels 
studied. The result for AHR from Öhman et al67 which is not part of the present study is 
included for comparison.    
 SO2 NO 
Bark 4 250 
10% RM in bark 120 230 
30% RM in bark 220 400 
RM 930 720 
LR <2 350 
LR-DDGS 470 700 
Wheat straw 80 450 
Wheat straw-DDGS 480 340* 
AHR <3 60 
* The combustion temperature may have been lowered due to slagging, which may have influenced the results.  
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Particle emissions 
RM particle emissions were roughly doubled, compared to bark. Grate combustion of the LR-
DDGS mixture resulted in emissions of total particulate matter which were more than three 
times higher than from combustion of unblended LR. The mixture of wheat straw and DDGS 
led to PMtot concentrations which were roughly three times higher than from combustion of 
pure wheat straw. Grate combustion of the LR-DDGS mixture resulted in emissions of total 
particulate matter which were more than three times higher than from combustion of 
unblended LR. The PMtot are shown in table 9. Again, as the particle size distribution showed 
an increase in finer particles for combustion when DDGS was added to LR (although a 
superimposed peak around 0.1 µm which is probably caused by soot particles should be taken 
into account, the effect is still evident). The particle mass size distributions are shown in 
figure 17. Compared to grate combustion of wheat straw, combustion of the wheat straw-
DDGS mixture leads to a slight reduction in fine mode particles as well as in the total particle 
emissions. No coarse mode fraction was present in the flue gas from the experiments in the 
pellets burner.  
 
The fine particles from grate-combustion of RM mixtures contained mainly K and S, with 
K2SO4 and smaller amounts of KCl detected with XRD. Again, the presence of RM tended to 
lower particle Cl concentrations compared to bark. Grate combustion of LR resulted in 
particles with an oxygen and carbon-free composition of K, S and Cl. The LR-DDGS mixture 
produce particles with nearly the same composition when combusted, except that significant  
amount of P were present. Unlike fluidized-bed combustion, the Cl concentration was slightly 
increased. Wheat straw pellets combustion resulted in particles with mostly K, Cl and S. 
Addition of DDGS to the wheat straw will enhance the P concentrations and reduce the 
particle Cl concentrations, although the remaining Cl concentration is much higher than for 
fluidized-bed combustion of the same fuel.  
 
Table 9. Total particulate matter concentrations (mg/Nm3 at 10% O2 d.g.) from combustion 
in the underfed pellet burner.  
 PMtot 
Bark 170 
10% RM in bark 210 
30% RM in bark 250 
RM 330 
Logging residues 100 
LR-DDGS 310 
Wheat straw 460 
Wheat straw-DDGS 340 
AHR 50 
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Figure 17. Particle mass size distribution from combustion of RM and bark-RM-mixtures 
(top), DDGS-mixtures and co-combustion fuels (bottom).  
 
 
Slag formation 
For the wheat straw and the wheat straw-DDGS mixtures, initial slagging occurred 
approximately 20 minutes from the start of the experiments and they were terminated due to 
severe slagging after 4h and 4h 20 minutes, respectively. The slagging tendencies of the 
combusted fuels expressed as the fraction of ingoing fuel ash that forms slag are presented in 
table 10. A previous study has shown that the variation in the slag formation is minimal 
between replicate combustion procedures.136  
 
RM and RM mixtures showed moderate tendencies to form slag whereas the DDDGS and 
DDGS-cocombustion fuel mixtures showed high slagging tendencies. The LR-DDGS mixture 
had a lower slagging tendency than DDGS. No slag could be identified during AHR 
combustion in the underfed pellet burner in the experiments reported by Öhman et al.67  
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Slag from grate combustion of bark contained, apart from O, mainly Si, Ca, K and Al, 
probably as silicates. Addition of RM to the fuel tended to increase the concentrations of P, K 
and Mg in the slag while the Si and Ca contents tended to decrease. XRD analyses showed 
that silicates of calcium, potassium and magnesium were present in slag from combustion of 
pure bark (Ca2MgSi2O7, Ca2SiO4 and KAlSiO4 could be identified). When RM was mixed 
into the fuel the resulting slag also contained phosphates of calcium, magnesium and 
potassium (10 and 30 percent RM resulted in Ca9MgK(PO4)7). For 30 percent RM CaKPO4 
and Ca9MgK(PO4)7 were also identified. The latter phase was also identified for RM pellets, 
together with CaMgPO4. The bottom ashes from the mixtures also contained silicates and 
phosphates, as well as quartz and lime.  
 
The DDGS pellets mixed with wood pellets and the wheat straw pellets had a relatively high 
slagging tendency. By mixing the DDGS with logging residues the slagging tendency was  
decreased but still moderate. The wheat straw-DDGS mixture had a slagging tendency which 
was slightly lower that the unblended wheat straw.  
 
The slag from combustion of DDGS pellets (mixed with wood pellets) contained, apart from 
O, mainly K, P and Mg and also come content of Na, Si and Ca. Phases detected with XRD 
from DDGS/wood combustion were CaK2P2O7, MgKPO4, MgK2P2O7 and CaKPO4. Slag 
from the LR-DDGS mixture contained (apart from O) mainly Si, P, K, and Ca with some 
content of Mg and Na. Phases detected with XRD in the slag from LR-DDGS were CaKPO4 , 
KMgPO4 and (Na, Ca)Al(Si, Al)3O8.  
 
The elements detected in slag from combustion of the wheat straw-DDGS-mixture were K, Si, 
P and smaller amounts of Mg, Na and Ca. Compared to the DDGS-wood pellets combustion, 
the mixture with wheat straw had higher concentrations of Si, and lower concentrations of P 
and Mg, while the K-, Ca- and Na-concentrations were roughly the same.  Phases detected 
with XRD in the slag from wheat straw-DDGS were CaKPO4 and KMgPO4.  
  
The slag produced during combustion of wheat straw contained mainly (apart from O) Si, K 
and Ca. In combustion of logging residues a slag rich in Ca, Si, K and Mg was produced. 
 
Table 10. Fraction (%wt) of fuel ash that formed slag during combustion in the underfed pellet 
burner.  
 Fraction of fuel 

ash that formed 
slag (%wt)   
 

Bark 47 
10 % RM in bark 21 
30% RM in bark 31 
RM pellets 22 
Logging residues 
(LR) 

5 

Wheat straw 79 
LR-DDGS 44 
Wheat straw-
DDGS 

45 

AHR 0 
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5.2.4 Powder combustion properties 
 
Gaseous emissions 
NO emissions from RM powder combustion were 3.7 times higher than for wood powder 
combustion. During powder combustion of RM and DDGS, about 80 percent of the sulfur 
content of the fuel was found in the gaseous phase. The HCl emissions from RM and DDGS 
were below 2 mg/Nm3. The emissions of HCl, SO2 and NO from powder combustion are 
shown in table 14. SO2 and NO emissions from HR combustion were similar to the emissions 
from wood powder combustion. The gaseous emissions from the powder combustion 
experiments are summarized in table 11.  
 
Table 11. Gaseous emissions (mg/Nm3 at 10% O2 d.g.) from combustion of pulverized 
residues.  
 SO2 NO 
Wood powder <2 60 
RM 1 290 220 
DDGS 1 600 720 
Hydrolysis residues 15 90 
 
 
Particle emissions 
The particles from powder combustion of RM and DDGS were dominated by fine paraticles 
(<1 µm diameter), and the total particulate matter emissions were very high compared to 
wood powder combustion. The total particle matter emissions from powder combustion are 
shown in table 12, and the particle mass size distributions are shown in figure 18. The 
emissions from combustion of RM and DDGS powder were more than 15 times higher than 
from wood powder combustion, mainly fine particles (diameters below 1 µm). Total particle 
emissions from combustion of pulverized hydrolysis residues were comparable to the 
emissions from wood powder. The fine particles from RM contained mainly K, P and S, with 
K2SO4 as the only phase detected with XRD. Both the fine- (< 1 um) and the coarse (> 1 um) 
from combustion of pulverized DDGS contained K, P, Cl, Na and S (apart from O and C). 
Phases identified using XRD were KPO3, KCl och (K,Na)2SO4 in both the fine- and coarse-
mode particles.   Particles from combustion of wood powder consisted mainly of K, S and Na.  
 
Table 12. Total particulate matter concentrations from combustion of pulverized residues, 
with wood powder included for comparison.  
 
 PMtot  (mg/Nm3 at 10% O2 d.g.) 
Wood powder 20 
RM 350 
DDGS 800 
AHR 30 
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Figure 18. Particle mass size distribution from combustion of pulverized RM, DDGS and  
wood.  
 
 
Slag formation 
Ashes from the powder burner test of RM collected in the burner, furnace and boiler were 
relatively porous (none sintered) and contained mainly P, K, Ca and Mg. Combustion of 
ground DDGS pellets in the powder combustor resulted in the formation of hard glass-like 
slag on the bottom of the furnace, and less hard slag on the burner cone. The slag from the 
furnace bottom and the burner cone contained (apart from O) mostly K, P, Na and Mg. Phases 
identified with XRD were KMgPO4, K2CaP2O7 and Mg3(PO4)2. The slag formation tendency 
of AHR was low.  
 
 
Deposit formation 
The deposits formed on the probe during combustion of RM in the powder burner were 
mainly made up of P, K, Ca and Mg. Bottom ashes from the powder combustor and the 
downstream boiler had similar composition. The lee-side deposits from combustion of 
pulverized DDGS contained (apart from O)  mainly K, P and also some content of Na, S and 
Cl. Phases detected with XRD of the lee-side deposits were K2SO4, KCl, KMgPO4 and traces 
of SiO2. The wind-side deposits from combustion of pulverized DDGS contained (apart from 
O)  mainly P, K, Mg and also some content of Ca and Si. On the wind-side, KMgPO4 and 
K2CaP2O7 were detected. 
 
The high fuel particle temperatures typical of powder combustion probably cause evaporation 
of potassium and phosphorous from the initially K-phosphate-rich melt formed. Potassium 
phosphates have low melting temperatures and the risk for fouling is therefore probably high. 
Their abundance among the fine particles is a reason not to use RM and DDGS in powder 
combustion.  
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5.3 Possible combustion applications 
 
As discussed in sections 5.2.2 to 5.2.4, the high K, P and S contents of RM and DDGS.are 
important to their behavior during combustion. For RM, phosphates and silicates of K, Ca and 
Mg are formed and deposited on the quartz grain particles in the fluidized bed and in the 
bottom ash of the pellet combustor. Although sulfates of K are also formed, there are large 
amounts of S which do not react in this way, indicated by the high SO2 emissions. The 
presence of Ca and Mg tend to raise the melting temperatures of phosphates and silicates. 
Therefore, the layers on the quartz grain particles do not frequently form bridges between the 
particles at an operational temperature of 800 ºC, resulting in relatively low tendencies for bed 
agglomeration for RM and the RM-bark mixtures. Similarily, the high melting temperatures 
of the phosphates and silicates mean that slag formation is not severe for the RM-fuels. The 
formation of K-Ca-phosphates/silicates rather than sulfates, means that if RM is co-
combusted with K-rich fuels, there is an excess of S which may sulfatize the K. A possible 
use of RM is therefore as a sulfur-containing additive to biomass fuels with high contents of 
Cl and K (mainly agricultural fuels) in large-scale fluidized-bed and grate combustors for 
avoiding high concentrations of KCl in the flue gases.  
 
For DDGS combustion, mainly K-phosphates/silicates are formed, which have higher 
tendencies to form sticky layers on quartz grain particles and to form slag in the bottom ash. It 
is therefore important to co-combust DDGS with Ca/Mg-rich fuels. Because of their high N- 
and S contents, RM and DDGS require applications with flue-gas cleaning. This means that 
only large-scale applications will be economical. Powder combustion of RM and DDGS 
generates large amounts of particles which probably contain mainly low-temperature melting 
K-phosphates, making the risks for deposit formation significant. Powder combustion of RM 
nad DDGS should therefore be used with caution.  
 
The low ash content, slagging and fouling tendencies of AHR and the low emissions of NO, 
SO2 and particles produced from its combustion, make small-scale pellet appliances an 
interesting option. The same properties make most large-scale combustion uses of AHR 
feasible. Whether this applies also to residues from other ligno-cellulosic ethanol production 
processes like SHR and SSFR depends on details in the process which are not currently 
known. A reliable supply of a fuel with a low fouling tendency means that better steam data 
would be possible than for other biomass fuels, but for existing facilities, the advantages 
compared to fuels with higher slagging and fouling tendencies may be of less practical and 
economical importance than for small-scale heating. The low ash and alkali contents and 
stable powder combustion of HR may also be exploited in a combined-cycle process. 
Provided that the ethanol production process can be designed to produce HR with sufficient 
separation of alkali from the residue, the alkali content may sufficiently low for use in robust 
gas turbines, which simplifies the gas cleaning necessary for combined-cycle applications.  
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5.4 Techno-economic assessment for CHP and solid fuel production at a 
transport biofuel plant 
 
For the techno-economic study, HR from ligno-cellulosic ethanol production was selected as 
the most suitable residue, because of its low ash and alkali content, and low bed 
agglomeration, slagging and fouling tendencies. Four options for using HR to supply process 
steam and electricity to the ligno-cellulosic ethanol production, with surplus residues either 
sold as solid fuel or used for additional heat and power production, were evaluated according 
to the method described in section 4.4.  
 
The first option, with sale of dried but otherwise unrefined residue, means that the residue is 
used for large-scale district heat production. In the second option, the pellets produced from 
the residue can be used in small-scale residential appliances where it can replace other heat 
sources, which would mainly be electric heating. In the third option, where the surplus of 
residue is used for additional heat and electricity generation in a steam-cycle, large amounts 
of heat are produced, which requires access to a district-heating grid with a large base-load. 
With the higher electric efficiency of the combined-cycle assumed in the fourth option, the 
heat produced can roughly be adjusted to the demand of the ethanol production process. The 
production with the different options is shown in table 13. 
 
Table 13. Summary of net production for the options studied 
 Option 1. 

SSFR 
unrefined 

Option 2. 
SSFR 
pellets 

Option 3. 
Steam 
cycle 

Option 4. 
Combine
d cycle 

Annual production, tons     
Ethanol 119 000 119 000 119 000 119 000 
SSFR 62 000 62 000 0 0 
Annual energy balance:      
Energy input, feedstock MWh  2 360 000 2 360 000 2 360 000 2 360 000 
Fuel energy, ethanol MWh  856 000 856 000 856 000 856 000 
Solid fuel,MWh 307 000 307 000 0 0 
Electricity, MWh 69 000 65 000 145 000 266 000 
District heat, MWh 0 0 197 000 0 
Overall efficiency % 53.0 52.8 51.4 48.3 
 
Production costs for the four options do not differ greatly between the alternatives. On the 
other hand, the climatic impacts differ significantly. As a measure to reduce fossil 
greenhouse-gas emissions, the fourth option where a combined cycle is used is significantly 
more effective, with about 25 percent greater reduction in CO2 emissions per litre of ethanol 
produced (see figure 19). The underlying reason is the difference between the climatic impact 
between electricity and heat, as additional production of electricity in Sweden mainly replaces 
electricity produced from coal in Denmark and on the European continent,92 while additional 
district heat production competes with existing production which is already mainly 
renewable.137  
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Figure 19. Estimated reductions in CO2 emissions per litre of ethanol 
 
It was assumed that option 4 could be realised with direct combustion of SSFR in an adapted 
gas turbine combustion chamber, an assumption which remains to be verified. While 
combustion stability is not a problem (see paper 6), the ash and alkali contencentrations 
(although mostly very low compared to other biomass fuels) are still higher than fossil gas 
turbine fuels, and further work is therefore required for confident prediction of process 
performance. However, it was found that an IGCC process (using separate gasification, gas 
cooling and gas filtering) was only marginally less efficient. Although the investment for the 
energy plant was estimated to increase by 25-30 percent, the resulting production cost for 
ethanol would not be drastically affected (capital costs for the energy plant being just above 
10 percent of the total production cost). The result is therefore that a combined cycle is the 
most promising use of the HR.  
 
While IGCC is a demonstrated process, there has been no study to determine the feasibility of 
direct combustion of HR for gas turbine operation, which would exploit its low alkali content. 
Initially, research could focus on issues of general interest for biomass 
combustion/gasification and combined cycle use. Research on basic DEC (deposition, erosion 
and corrosion) mechanisms for biomass-fuelled gas turbines (temperature, pressure and gas 
quality dependence) could initially be comparatively inexpensive, using material sample tests 
and simulations. Improved methods for pressurised fuel feeding (slurry or dry-feeding) would 
be useful not only for biomass-fuelled combined cycles but for thermochemical transport fuel 
production as well. The results could be either used to adapt a suitable gas turbine combustor 
for direct use of HR or to improve  the performance of the IGCC process. The large potential 
of biomass-fuelled combined-cycle technology means that such research and development 
appears to be justified. 
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6. Conclusions 
 
Combustion-relevant material properties have been characterized and fuel-specific 
combustion properties determined for powder-, grate- and fluidized bed combustion of 
residues from bio-chemical production of liquid transport biofuels in northern Europe.  
Suitable combustion applications have been identified. A techno-economic evaluation of 
utilization of a selected residue for supplying process heat and electricity to the transport 
biofuel production, combined with sale of surplus energy has been done. Residues studied are 
rape-seed meal (RM) from biodiesel production, wheat distillers dried grain with solubles 
(DDGS) from grain-based ethanol production and hydrolysis residue (HR) from wood-based 
ethanol production. For RM and DDGS, mixtures with typical forest- and agricultural fuels 
were also studied. Combustion experiments were performed in a fluidized (quartz) bed (5 
kW), an underfed pellet burner (12 kW), and a powder burner (150 kW).  
 
The calorific value for HR was higher than for wood, while for RM and wheat DDGS it was 
similar to wood. More char was produced from HR, otherwise TGA results showed that 
thermal kinetics was similar to wood for all fuels. All pulverized residues had better feeding 
properties than wood powder. While RM and wheat DDGS ash contents were higher than for 
most common forest and also for some agricultural fuels,  HR mostly had very low contents 
of ash, alkali, Cl, S and N. RM and wheat DDGS had high concentrations of S, N, K and P 
compared to most other biomass fuels. RM had higher Ca and Mg concentrations than wheat 
DDGS. The Cl content of wheat DDGS was similar to wheat straw, while RM had a lower Cl 
content, similar to wood.  
 
Combustion of all pulverized residues was stable with CO emissions not higher than for wood 
powder.  While the bed agglomeration tendency of RM was low and comparable to many 
forest fuels the wheat DDGS bed agglomeration tendency was high and comparable to wheat 
straw. The K, P and Si contents of wheat DDGS formed layers of K-phosphates/silicates on 
the quartz grain particles, with low melting temperatures and therefore sticky, resulting in bed 
agglomeration. For RM, this effect was mitigated by the considerable Ca and Mg 
concentrations and therefore the layers formed were less sticky, despite the high K and P 
concentrations. For basically the same reason, the slag formation tendency of RM was 
moderate and comparable to many other forest fuels while wheat DDGS had a slag formation 
tendency which was even higher than for typical wheat straw. HR had very low bed 
agglomeration and slagging tendencies.  
 
For RM and wheat DDGS, emissions of NO and SO2 were generally high, for HR 
considerably lower. While HCl emissions for RM were low, they were relatively high for 
fluidized bed combustion of wheat DDGS. Particle emissions from  RM and DDGS were 
generally high. For powder combustion of RM and wheat DDGS, particle emissions were 15-
20 times higher than for wood. The particle emissions from combustion of HR were generally 
low. For fluidized bed- and grate combustion of RM the finer particles (< 1 μm) contained 
mainly alkali sulfates. RM addition to bark tended to lower the particle Cl concentrations, 
potentially lowering the risk of high-temperature corrosion. For fluidized bed combustion of 
wheat DDGS and wheat DDGS-mixtures the finer particles contained mainly alkali-sulfates K 
and S. The Cl concentrations of the fine particles in fluidized bed combustion were reduced 
when wheat DDGS where added to logging residues and wheat straw in fluidized bed 
combustion.  
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In grate combustion the Cl- and P-concentrations in the finer particles during combustion of 
the wheat DDGS-mixtures were considerable higher than during fluidized bed combustion. 
The fine particles from powder combustion of RM mainly contained P and K, while they 
mainly contained K, P, Cl, Na and S from wheat DDGS (apart from C and O). 
 
A possible use of RM is as a sulfur-containing additive to biomass fuels rich in Cl and K in 
large-scale fluidized-bed and grate combustors for avoiding ash-related operational problems 
in fluidized beds and grate combustors originated from high KCl concentrations in the flue 
gases. Due to its high slagging and bed agglomeration tendencies, the best use of wheat 
DDGS may be to mix it with other fuels, preferably with high Ca and Mg contents (e.g. 
woody biomass fuels), so that only a minor fraction of the total ash-forming elements is 
contributed by the wheat DDGS. Because of their high N- and S contents, RM and wheat 
DDGS require applications with flue-gas cleaning, economically viable on a larger scale. 
Powder combustion of RM and wheat DDGS should be used with caution, as potassium 
phosphate particles could potentially cause deposit formation. Use of HR in small-scale pellet 
appliances is an interesting option due to low emissions, low ash content and low slagging 
tendency. While most large-scale combustion uses of HR would be feasible, the low ash and 
alkali contents and stable powder combustion of HR may be better exploited in a combined-
cycle process, as the alkali content can be kept sufficiently low for use in robust gas turbines, 
simplifying the gas cleaning.  

 
In the techno-economic assessment, residue (HR) was assumed to be combusted on site, to 
supply process steam and electricity to the liquid biofuel production (wood-based ethanol) 
with surplus residue either sold as solid fuel or used for additional heat and power generation, 
according to the following options: 

1. Sale of unrefined SSFR; 
2.  Production of SSFR pellets for sale; 
3.  Electricity and district heat generation in a back-pressure steam power plant  
4. Generation of electricity in a combined-cycle plant.  

Production costs for ethanol do not differ greatly between the alternatives.  Options 1, 2 and 4 
do not require a location with a large district heating base load. As electricity replaced is 
largely generated with fossil fuels, the fourth option with a combined cycle to increase 
electricity production is significantly more effective as a climate mitigation measure, with 
about 25 percent greater reduction in CO2 emissions per litre of ethanol produced. While it is 
generally accepted that energy use of the residue is important to the process economy and 
environmental benefits of ligno-cellulosic ethanol production, it can be concluded from this 
study that the choice of integrated process design has a significant impact on CO2 emissions.  
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7 Prospects for future work 
 
Future work on fuel characterization methods can be useful in at least two areas. First, there is 
a lack of convenient low-cost experimental devices with high heating rates, for simulating the 
conditions in a powder burner. Such a device would be useful for measuring devolatilization 
kinetics and char burnout rate, but also to determine the risk of ash-related operational 
problems, provided the ash-forming elements would undergo similar transformations as in a 
powder burner.  
 
Second, while chemical characterization methods like leaching and chemical fractionation 
may be cost-effective for fuel screening, it remains to be explored to what extent they can 
provide the same information as combustion tests. Systematic comparisons between chemical 
methods like leaching and fractionation on the one hand, and combustion tests on the other 
should therefore be made.  
 
For RM, larger-scale tests in fluidized bed and grate combustors should be considered, 
especially in mixes with agricultural biomass fuels rich in potassium and chlorine where the 
sulphur and phosphorus content of RM could potentially be utilized to reduce the risk of ash-
related operational problems.  
 
Research on basic DEC (deposition, erosion and corrosion) mechanisms for biomass-fueled 
gas turbines (temperature, pressure and gas  quality dependence) should be undertaken. 
Initially, such studies could be reasonably inexpensive, using material sample tests and 
simulations. The hydrolysis residues from ligno-cellulosic ethanol production could be an 
important fuel studied in this context.  
 
Improved methods for pressurized fuel feeding (slurry or dry-feeding) are needed. The results 
would be useful not only for biomass-fuelled combined cycles, but also for thermo-chemical 
transport biofuel production.  
 
How the ash-chemical properties of hydrolysis residues from ethanol production from woody 
fuels depend on the process configurations and operational parameters has not been studied in 
the present work. When the process is optimized, the solid fuel  quality should be taken into 
account.  
 
While biomass IGCC is a demonstrated process, there has been no study to determine the 
feasibility of direct combustion of hydrolysis residues from ethanol production for gas turbine 
operation, which would exploit its low alkali content. Initially, the focus could be on research 
on basic DEC mechanisms and improved methods for pressurized fuel feeding as described 
above, as they are useful also for improving the performance of a biomass IGCC process. 
These initial results could also be used to predict with greater confidence whether any further 
effort on direct combustion would be worthwhile. The large potential of biomass-fueled 
combined-cycle technology means that such resarch and development appears to be justified.  
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8 Acronyms and abreviations 
 
AH Acid Hydrolysis 
 
AHR Acid Hydrolysis Residue   
 
ASTM American Society for Testing and Materials 
 
BIGCC Biomass-fuelled Integrated Gasification and Combined Cycle 
 
CCS Carbon Capture and Storage 
 
CCSEM Computer Controlled Scanning Electron Microscopy 
 
CFBA Controlled Fluidized Bed Agglomeration test 
 
CHP Combined Heat and Power 
 
DDGS Distillers' Dried Grain with Solubles 
 
DEC Deposition, Erision and Corrosion 
 
DME Di-metyl ether 
 
DR Distillation Residue 
 
DSC Diferential Scanning Calorimetry 
 
DTA Differential Thermal Analysis 
 
ECN Energy Research Centre of the Netherlands 
 
EDS, EDX Energy Dispersive X-ray Analysis 
 
ELIF Excimer Laser Induced Fluorescence 
 
ESEM Environmental Scanning Electron Microscopy 
 
ETDE  Energy Technology Data Exchange (www.etde.org) 
 
FAME Fatty-acid methyl esters 
 
F-gases fluorinated greenhouse gases 
 
GC/MS Gas Chromatograph-Mass Spectrometer  
 
GHG  Greenhouse gases 
 
GMD  Geometric Mean Diameter 
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HGI Hardgrove Grindability Index 
 
HHV Higher Heating Value 
 
HR Hydrolysis Residue 
 
HTLM High Temperature Light Microscopy 
 
IC Ion Chromatograpy 
 
ICP-MS Inductively Coupled Plasma Mass Spectrometry 
 
IGCC Integrated Gasification and Combined Cycle 
 
IPCC  International Panel on Climatic Change 
 
LCA Life Cycle Analyis or Life Cycle Assessment 
 
LFAC Laminar Flow Aerosol Condenser 
 
LHV Lower Heating Value 
 
LPI Low Pressure Impactor 
 
LR Logging Residues 
 
MAF Melt-Area Fraction 
 
PEARLS Plasma-Excited Alkali Resonance Line Spectroscopy 
 
PMtot Particulate Matter mass concentration (total) 
 
RF Recovered Fuel 
 
RM Rapeseed Meal 
 
RME Rape-methyl ester 
 
SCR Selective Catalytic Reduction (NOx cleaning) 
 
SEM Scanning Electron Microscopy 
 
SEM/EDS  Scanning Electron Microscopy/Energy-dispersive X-ray analysis) 
 
SHF  Separate Hydrolysis and Fermentation 
 
SMPS Scanning Mobility Particle Sizer 
 
SNG Synthetic Natural Gas  
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SSF Simultaneous Saccharinification and Fermentation 
 
SSFR Simultaneous Saccharinification and Fermentation Residue 
 
STA Simultaneous Thermal Analysis 
 
TGA Thermo-Gravimetric Analysis 
 
TOF Time-Of-Flight secondary ion mass spectrometry 
 
XRD X-Ray Diffraction 
 
XRF X-Ray Fluorescence 
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ABSTRACT: The replacement of fossil fuels will lead to an increasing demand for unconventional biofuels. Fuel 
characterisation to predict combustion properties and facilitate the choice of combustion applications is important to avoid 
costly and time-consuming mistakes. Traditional methods are developed mainly for coal. Therefore procedures adapted 
specifically for solid biomass fuels are needed.  
 
This work is a survey on approaches for combustion characterisation of biomass developed during the last ten years. 
Innovative characterisation methods of interest concern:  
1) Fuel handling behaviour: grindablility, erosion and abrasion properties.  
2) Combustion characterisation: devolatilisation properties  (important for ignition and flame stability), char burnout time.  
3) Slagging and fouling properties of ash: ash particle formation, ash particle size distribution, ash composition, melting and 
gasification temperatures, slagging of bottom ash, reducing the risk by mixing with other fuels or using fuel additives and  
choice of suitable combustion applications for specific fuels.   
 
The main conclusions are:  
1) a method to measure grindability which takes electric power consumption into account is needed as the Hardgrove 
Grindability Index used for coal grinding is pointless for biofuels,  
2) there is a need to develop convenient low-cost methods to measure slagging and fouling tendencies, devolatilisation 
kinetcs and char burnout for high heating rates found in fluidised beds and powder burners.  

 
Keywords: agglomeration, ash, biofuels standardisation, biomass characteristics, biomass conversion, biomass drying, 
biomass/coal cofiring, boiler ash fouling, boiler ash, co-combustion, fly ash, fouling, slagging, solid biofuels 

 
1  INTRODUCTION  
 More and more attention is directed towards 
increasing the share of renewable energy and biomass 
fuels are an important part of this in the short and 
medium run. Limits on land available to agriculture and 
forestry mean that productivity may have to be increased 
by switching to new energy crops or using new types of 
by-products. At the same time landfills are discouraged 
through taxes or even prohibited, creating a need to 
dispose of wastes and sludges elsewhere. Consequently 
many new types of biomass fuels may have to be used, in 
many cases unfamiliar to the energy plant operators. This 
creates a need to characterise combustion properties.   
 
1.1  Relevant fuel properties 
 It can be assumed that an energy company faced with 
the decision whether to use a new fuel, proceeds in the 
following way (the process can be interupted at any stage 
if it turns out that the fuel is not suitable): 
1.  Economic assessment; 
2.  Visual assessment and use of background 
information  about the fuel; 
3.  Chemical analysis (standard fuel analysis); 
4.  Advanced bench-scale tests; 
5. Full-scale tests; 
6.  Updated economic assessment; 
7.  Long-term full-scale tests; 
8.  Updated economic assessment; 
 
Even if the decision is not to use the fuel, it is reasonable 
to document the information gained, as there may be 
reason to reconsider the decision in the future.  

 
Chemical analysis and the advanced bench-scale tests are 
commonly used to give information on some of the 
following: 
1.  storage and handling properties; 
2.  size distribution and grindability; 
3.  feedability; 
4. combustion behaviour; 
5. risk of ash related problems (slagging, fouling, 
 corrosion, bed agglomeration (in the case of fluidised 
 bed combustion); 
6. emissions to be expected.  
 
Rather then being inherent fuel properties, these issues 
are determined by a complex interaction between the fuel 
and the combustion equipment. As far as possible this 
study will be focused on the characterisation of fuel 
specific properties necessary to choose whether a 
particular fuel is suitable for a particular type of 
combustion equipment.  
 
Properties like main elements, sulphur and chlorine 
content, main ash forming elements, trace elements, ash 
melting temperature during standard test conditions are 
often routinely measured. A short description of some of 
the conventional characterisation methods can be found 
at the webpages of national standardisation organisations 
like SIS [1] and the European standardisation 
organisation CEN [2]. An overview of methods can be 
found in the Fuel Handbook [3] 
 
1.2. Objectives 



 The objective of the study was to summarise new 
experimental characterisation methods for biomass fuels 
to be used in coal-fired heat and power plants. Mainly 
laboratory- and bench-scale methods developed in the 
last ten years have been considered.  
 
1.3 Method 
 The literature was searched for relevant information 
on advanced fuel characterisation methods. The EDTE 
database was used. The emphasis is on bench-scale 
experimental methods for fuel and ash characterisation. 
The strategy was to search for general methods for 
characterisation of biomass fuels and solid recovered 
fuels rather than for characterisation of particular fuels.  
 
The following limitations were used: 

• Tar measurement techniques were not included 
since they were considered relevant for 
gasification rather than for combustion 
applications; 

• Uses of ashes for purposes like construction, 
fertilisation etc were not included, the only 
concern for ashes was possible problems with 
combustion equipment; 

• Only work published after the year 1997 were 
considered; 

• Non-technical issues (e.g. economic and 
legislative issues) were not considered.  

 
Papers fulfilling the search criteria but obviously 
irrelevant in this context were excluded (e.g. work on 
nuclear technology, geology, sewage treatment etc).  
 
 
2 RECENT METHODS FOR FUEL CHARACTERI-
SATION 
 
2.1  Fuel handling, storage and feeding properties 
  
2.1.1 Fuel sampling 
 A standardised sample preparation method for coal 
and biomass fuels was developed at the Energy Research 
Centre of the Netherlands (ECN) by drawing together 
various existing methods and applying new techniques 
[4].  
 
 
2.1.2 Grindability 
Grindability is mostly important for powder combustion. 
In other combustion facilities fuel particles must be small 
enough to pass through lock hoppers, which means that it 
is necessary to crush the fuel.  
 
Bergman et al at ECN have developed a novel method to 
determine the grindability of biomass. The net energy 
needed to break up the largest particles is measured [5].  
 
 
2.1.3 Safety 
 Tests to determine explosive conditions for dust have 
been performed by Wilén and co-workers at VTT, Espoo, 
Finland [6]. A dust-air mixture is ignited inside a tank 
(20 litres or 1 m3) and pressure (1-25 bar) as a function of 
time is registered. Explosion parameters were measured 
at normal temperature and pressure, and at elevated 

temperature and pressure. Lower Oxygen Concentration 
(LOC) decreases with increasing temperature, but 
increases slightly with increasing pressure.  
 
Explosion suppression tests in a 1 m3 vessel were also 
done by the authors. Monoammonium phosphate was 
blown into the vessel through two nozzles when an 
explosion was detected. Increasing temperature made 
suppression more demanding. Reducing the O2 
concentration to 17 percent made the suppression system 
significantly more efficient.  
 
The risks of self-ignition of different fuels were 
quantified using TGA/DTA. The definition of thermal 
runaway used is a temperature increase of 50 K. The 
ignition temperature was defined as the temperature for 
which this happened. The following classification was 
used:  

• Relatively inreactive dust (thermal runaway 
temperature above 400 ºC)  

• Moderately reactive dust (thermal runaway 
temperature between 250 and 400 ºC) 

• Most reactive dust (thermal runaway 
temperature below 250 ºC) 

 
 
2.1.4 Fuel feeding 
 Bridging is a well-known problem when feeding 
biomass fuels, especially for straw and some other 
agricultural fuels. Paulrud et al designed a method to test 
bridging of powders using funnels with different opening 
sizes [8].  
 
Another way to measure bridging of pulverised fuels was 
designed by Mattsson and Hofman [9]. The bottom gate 
of a commercial silo for storage of sand was used. A slot 
opening is gradually widened (using a pair of rolls) until 
the bridge of fuel particles is broken.  
 
 
2.1.5 Fuel particle size and shape distribution 
 A method to measure particle size distribution and 
shape using optical microscopy has been developed at 
ECN [10]. An emulsion is created (to avoid density-
induced particle segregation) between two standard 
microscope glass plates. Visible light is used to create a 
projection of the particles, which can be analysed for size 
and shape information. The more convenient laser 
diffraction methods assume spherical particles. Therefore 
the ECN method is most useful for larger biomass 
particles which are usually more non-spherical than 
smaller particles.  
 
 
2.2 Combustion charateristics 
 A method to characterise biomass using a lab.scale 
entrained flow reactor was developed by E. Biagini and 
his collegues at Università di Pisa [11]. Thermogravi-
metric analyses, size measurements and SEM are used to 
determine the conversion, reactivity and morphological 
variations of solid residues for various operating 
conditions. Models for fluid dynamics, energy balances 
and heat and mass transfer were also developed. The 
particles fed had diameters above 150 μm.  
 



A method for determining the composition of an 
unknown waste mixture has been developed. The single 
components and the unknown mixture are characterised 
by a thermogravimetric analyser (TGA). It is assumed 
that the mixture TGA and (Differential Thermo-
Gravimetric) DTA curves of the mixture are weighted 
sums of the curves of their respective components. 
Synthetic four-component mixtures were used to test the 
method. The method works when the difference in 
decomposition temperature is in the order of tens of K 
[12]. Similarly, a method for using thermogravimetric 
analysis (TGA) for calculating compositions of biomass 
blends has been used on other fuel mixtures. Tests were 
performed on UK high volatile coal blended with palm 
kernel expeller, sawdust and olive cake. The 
devolatilisation profile were found to be additive with 
good accuracy [13, 14].  
 
A method was developed to use TGA to characterise the 
de-volatilisation process of solid recovered fuels (SRF). 
In combination with other well-established analytical 
procedures TGA is used to quantify the energy and 
elemental distribution between volatiles and char during 
the de-volatilisation process. The data can be used to 
compare SRF or its components with fuels like lignite 
and biomass [15].  
 
The influence of minerals on devolatilisation kinetics 
was studied by Vamvuka [16]. The studied fuels were 
demineralised with acids. Raw and demineralised 
samples were analysed for ash content and their 
composition (elements and minerals), surface area and 
porosity were measured. Thermogravimetry from 25-80 
oC, at a heating rate of 10 oC/min was used to study the 
reactivity of 250 µm particles. Changes in surface area 
and pore volume were measured. The result was that Ca, 
Mg, K and Si minerals generally acted as inert materials, 
inhibiting the pyrolysis and combustion rates of the 
samples, while lowering peak temperatures. According to 
the authors, mineral matter affected coal sample kinetics, 
while the influence on biomass sample kinetics was 
small. 
 
One other study concerns the influence of alkali on 
devolatilisation kinetics. TGA measurements combined 
with GC/MS (Gas Chromatograph-Mass Spectrometer) 
measurements was used to study the effects of alkali on 
thermal degradation of biomass. A total of 19 Lolium and 
Festuca grasses (genetically mutated to give varying 
Klason lignin content). A strong catalytic effect, 
particularly from K, was observed both during pyrolysis 
and combustion. The char yield increases as the metal 
content (especially K and Na) decreases. Py-GCMS 
showed that peak intensities varied for untreated and 
treated samples; in particular the levoglucosan yield is 
higher and the hydroxyacetaldehyde yield is lower for 
treated (low metal content) samples. This supports 
previous work mechanisms by Liden et al. in which 
alkali metals promote an ionic route that favours ring-
scission and hydroxyacetaldehyde formation [17]. 
 
The latent heat of pyrolysis was calculated by integration 
of differential scanning calorimetry (DSC) curves for 
biomass. A heating rate of 10 K/minute was used and the 
maximum temperature was 973 K. The results showed 
that 523 kJ, 459 kJ, 646 kJ and 385 kJ were required, 

respectively, to increase the temperature of 1 kg of dried 
wheat straw, cotton stalk, pine and peanut from 303 K to 
673 K [18].  
 
For reactivity measurements, the Lab-scale Combustion 
Simulator (LCS, an entrained-flow reactor) at ECN, 
Netherlands, was re-designed to increase residence time 
from about 1 s to 2-3 s to allow char burnout (by 
reduction of the volumetric gas flow rate) [19].  
 
To interpret results from a wired-mesh reactor, a 
mathematical model for the description of singe-particle 
pyrolysis (olive kernel particle) and prediction of product 
yields has been developed by A. Zabaniotou and 
coworkers. In the model kinetics (Koufopanos et al, two 
parallel first-order reactions) is coupled with a heat 
transfer model. The model has been validated against 
experiments in a laboratory wire mesh reactor, for a 
temperature range from 573 K to 873 K and a heating 
rate of 200 K/s [20].  
 
A pyroprobe-GC/MS (Gas Chromatograph-Mass 
Spectrometer) was used to determine the composition of 
the thermal degradation products of lignin. Key marker 
compounds which are the derivatives of the three major 
lignin subunits (G, H, and S) were identified. For 
calibration, the marker compounds were matched with 
Klason lignin content using a partial least-square method. 
The influence of alkali concentration on pyrolysis 
behaviour was studied. A total of 15 Lolium and Festuca 
grasses known to exhibit a range of Klason lignin 
contents were analysed [21].  
 
A method for measurement of temperatures and gas 
composition in a burning fixed biofuel bed has been 
developed by Rönnbäck at SP, Sweden [22]. The 
influence of primary air flow, particle size and particle 
moisture content on the combustion can be studied. A 
batch-fired experimental rig using co-current feed of fuel 
and primary air was used. A temperature controlled 
probe to be tucked into the bed for gas analysis was 
constructed. During tests the fuel is ignited at the surface, 
the ignition front moving against the airflow and passing 
the probe on its way towards the grate. After the ignition 
front has reached the grate and the char combustion 
phase has been completed, CO, CO2, O2, CH4, THC and 
H2O are analysed. There are thermocouples at three 
different levels in the bed and primary air flow and 
weight change are continuously measured. 
 
 
2.3 Ash-related problems and ash-related emissions 
2.3.1 Extended fuel analysis 
 Scanning Electron Microscopy/Energy Dispersive X-
ray analysis (SEM/EDS) can be used to discriminate 
between included and excluded minerals within the fuel 
matrix. Computer controlled SEM (CCSEM) has 
previously been used for coal characterisation. CCSEM 
has been adapted to biofuels at ECN [23]. The output is a 
normalised mass distribution of some 25 mineral types, 
divided over particle size intervals (2-4, 4-8, 8-16, 16-32, 
32-64 and 64-128 µm). Ground biofuel is dispersed and 
embedded into resin. After hardening the resin block is 
cut, polished and carbon-coated for microscope analysis. 
To avoid density segregation the resin holder was rotated 



at low speed. CCSEM procedure at ECN has been 
updated using the new sampling procedures. 
 
A simple method for identifying biomass fuels with 
problematic ash properties has been developed. The fuel 
is leeched in water and the conductivity of the solution is 
measured. A reasonably good correlation between 
conductivity and sintering temperature was found [24]. 
Practical tests have been done by Ena Energy, Sweden 
[25].  
 
The extended fuel analysis is a fractionation method that 
consists of sequential leaching of a solid fuel with water, 
ammonium acetate and hydrochloric acid. The method 
was used in combination with thermodynamic 
calculations by Zevenhoven-Onderwater et al to predict 
fouling and slagging behaviour of ashes from coal, a 
peat, forest residue and Salix. Results from the 
fractionation showed clear differences in mineral 
distribution in the fuels [26].  
 
 
2.3.2 Alkali release 
 Alkali is of importance for ash related problems like 
slagging and depositions, and bed agglomeration in 
fluidised beds. With non-homogeneous fuels, on-line 
methods for alkali measurements are important. Alkali is 
important in particle formation (see section 2.3.4).  
 
The Pressurised Entrained Flow Reactor at VTT was 
used for studying alkali release from different coals. The 
detection method used was Plasma-Excited Alkali 
Resonance Line Spectroscopy (PEARLS) developed by 
Tampere University of Technology, where the alkali 
content not only in the gas phase but in fine particles is 
detected. Three kinds of coal were studied. The result 
was that the vapourisation of alkali depends stongly on 
particle temperature, and that high Cl content promotes 
alkali vapourisation [27]. 
 
Another method to determine the alkali concentration is 
by fluorescence induced with an Excimer laser (ELIF) 
and this has been showed by Glazer [28]. The alkali 
compound concentrations in the flue gas from coal co-
combusted with four kinds of straw with different alkali 
content in a circulating fluidised bed) were measured.  
 
Capture of KCl in a fixed-bed reactor was studied with 
an on-line alkali detector. The detector is based on 
surface ionisation and capable of detecting 
concentrations in the order of 1 ppb. Kaolin was added at 
a temperature of 850 ºC to capture alkali released from 
the fuel, and found to remove up to 99 percent of the 
alkali in the gas phase. When tests were made with wood 
at 650 ºC alkali release increased during pyrolysis 
because of impurities in the additive, alkali release 
decreased by about 50 percent during char combustion, 
the net effect being an approximate decrease in alkali 
release of about 20 percent [29, 30].   
 
A new equipment for measuring alkali release from solid 
samples has been developed by Korsgren [31]. Alkali 
metals emitted from a sample are ionised at a hot 
platinum filament. The filament is heated to the 
temperature required to produce ionic vapour from alkali. 
The ion current is proportional to the arrival rate of alkali 

metal compounds. Temperatures up to 1 000 ºC and 
pressures up to 10 bar and either reducing or oxidising 
atmosphere are possible.  Initial tests were done in a 
reducing atmosphere with reactors at various sizes from 
mg per batch to continuous feeding of kg/h [32]. Tests 
show that one fraction of the alkali is released below 500 
ºC due to the breakdown of the organic structure. 
Another fraction is released during char combustion. In 
biomass, a high chlorine content increses alkali release 
from the char [33]. The sensitivity to both Na and K was 
similar regardless of chemical environment. The response 
time was approximately 1 ms. Particles below 5 nm melt 
completely on the hot platinum surface. For larger 
particles the ionisation efficiency becomes lower and 
depends on the type of salt. Different filament 
configurations can be used to overcome this problem. A 
high-temperature aluminia-tube flow reactor was used by 
Dayton et al to study alkali metal release from coal-
biomass mixtures under oxidising conditions using a 
MBMS [34]. Potassium chloride concentrations in the 
gas phase were lower than expected and the authors 
conclude that the reason was interaction with minerals in 
the coal. The combustion behavior, gaseous emissions, 
and alkali metals released during the combustion of 
several biomass/coal blends were investigated using a 
direct sampling, molecular beam mass spectrometer 
(MBMS) system in conjunction with a high-temperature 
alumina-tube flow reactor. 
 
 
2.3.3 Ash melting properties 
 Simultaneous thermal analysis (STA) is used to 
characterise thermal changes as a function of temperature 
[34]. Thermo-gravimetric analysis (TGA) and differential 
scanning calorific analysis (DSCA, where the sample 
temperature is compared to the temperature of an inert 
reference material) are combined. 
 
Frandsen et al have also used a method known as High 
Temperature Light Microscopy (HTLM, i.e. detecting 
phase changes of an unpressurised ash sample with a 
stereo microscope and personal-computer real-time 
image analysis). For the tests simple salt mixtures, 
geological standards and samples from straw and coal-
straw pulverised fuel combustion were analysed. An N2 
atmosphere and a heating rate of 10 ºC/minute were used. 
The methods are claimed to be more reliable than the 
ones previously available. An additional advantage is 
that they give information about the molten fraction as a 
function of the temperature rather than a single 
temperature value [35]. The method is also known as the 
Melt Area Fraction (MAF) method [37].  
 
Ash fusibility has also been studied by Frandsen et al by 
measuring the viscosity of melted ashes [38]. Ashes are 
pre-treated: salt is washed off, residual carbon is burnt 
off and the ashes are pre-melted in a separate crucible 
(for volume reduction, controlled temperature history and 
homogenisation).  
 
Work on standardisation of ash melting measurements is 
reviewed by Hofbauer [39]. Two melting measurement 
methods for biomass ashes were identified. One is based 
on the existing standards used for coal ashes, the other is 
novel method based on "Melt Area Fraction", developed 



by dk-Teknik. The first method was adopted since it was 
already in use by several laboratories. 
 
2.3.4 Particle formation 
 Fly ash particles from combustion cause ash 
deposition on material surfaces, which increases the 
temperature difference between the gas and water/steam 
side and may lead to corrosion. Combustion generated 
particles are also a potential health problem.  
 
Formation and evolution of aerosols  at high-
temperatures have been investigated by Wiinikka et al 
[40]. An 8 kW updraft fired wood-pellets combustor was 
used. Particle samples were withdrawn form the 
centerline through 10 sampling ports by a rapid dilution 
sampling probe (temperatures from 200 to 1450 ºC). A 
low-pressure impactor was used to separate the particles 
according to size, and the chemical composition was 
studied using SEM/EDS and XRD. Results were 
compared to equilibrium calculations for aerosol 
formation.  The particle size distribution had two peaks 
below 2.5 μm. The particle concentration as a function of 
position/residence time decreased at first due to burnout 
of carbon, thereafter it increased because of condensation 
of alkali sulphates, alkali chlorides and Zn species on 
existing particles, which agrees will with theory.  
 
Particle formation has also been studied at Denmark 
University of Technology, Lyngby by Balzer Nielsen 
[41]. The work include:  
1) Design of a lab-scale Laminar Flow Aerosol 
Condenser (LFAC)  
2) Development of a mathematical model for formation 
and evolution of aerosols, implemented in FORTRAN,  
3) Characterisation of aerosols from the Studstrup power 
plant, Århus, Denmark (3 types of coal and straw, 
submicron particles sampled in the economiser at 350 ºC 
using a novel ejector probe) using SMPS (Scanning 
Mobility Particle Sizer) and a Berner-type low pressure 
impactor, manual SEM study of morphology and 
chemical analysis and EDS to measure composition.   
 
A method for estimating the characteristic contribution 
from various fuels to ambient PM 2.5 particles has been 
developed. It applies dilution sampling, cooling and 
humidification of stack gas to promote plume simulation, 
before particle analysis. The method has been used for 
several types of petroleum oils, bitumen emulsions, 
biofuels and pulverised coal blends, with different types 
of combustion equipment [42].  
 
The Electrostatic Precipitator Test Facility at the 
Nottingham Fuel&Energy Centre, Univ. of Nottingham, 
has been built to simulate the conditions in a full-scale 
combustion plant [43]. The objective has been to improve 
understanding of the fundamental mechanisms involved 
in ESP flue gas cleaning, especially in the final stage 
when fly ash concentration is very low.  
 
 
2.3.5 Slagging, fouling and corrosion 
 To compare different superheater materials during 
co-firing during 1000 h laboratory corrosion tests have 
been carried out by N.J. Simms [44].  Tests were done 
using controlled atmosphere furnaces at five superheater 

alloy samples (1 Cr steel, 2.25 Cr steel, X20CrMoV121, 
AISI 347H and alloy 625) at temperatures typical for 
metal surfaces at superheaters and evaporators.  The 
metal surfaces were coated with KCl, K2SO4 and fly ash 
in different mixtures, to simulate deposits actually 
observed on superheaters. Mass loss was monitored. 
Material performance was determined from dimensional 
metrology before and after exposure. SEM/EDX analyses 
of selected samples have been used to confirm whether 
changes in corrosion mechanism were associated with 
changes in damage levels (e.g. pitting to internal 
corrosion). 
 
Submicron particles from small-scale equipment has 
been characterised by Johanssson et al [45] using ICP-
MS  (Inductively Coupled Plasma Mass Spectrometry), 
IC (Ion Chromatography) and TOF-SIMS (Time-of-flight 
Secondary Ion Mass Spectrometry), in addition to low-
pressure impactor. Formation of inorganic particles was 
studied in a lab-scale reactor. A time-resolved signal of 
metal release from combustion of single pellets was 
obtained by ICP-OES (Inductively Coupled Plasma - 
Optical Emission Spectrometry). A photoelectric aerosol 
sensor was used as a soot indicator. The result was that 
most of the metal was released during char combustion.  
 
A prediction method for deposit formation on heat 
exchanger surfaces in fluidised bed combustion is being 
developed. Experiments have been done at VTT in 
Jyväskylä; at Kvaerner Pulping in Tampere and at UPM 
Kymmene in Kaipola. A mixture of spruce bark, peat and 
forest residue was used. Deposit samples were analysed 
with SEM/EDS and a global equilibrium analysis was 
done for 500 - 900 ºC [46]. 
 
An air-cooled probe has been used to study deposits. 
Computer-Controlled Scanning Electron Mictroscopy 
(CCSEM) has been used to detect changes in species 
composition for deposits, fly ashes and bottom ashes. 
Silicates with K, Ca and Fe were found in the deposits. 
Simultaneous Thermal Analysis (STA) was used to 
measure melting temperatures. No significant difference 
was found between fly ashes and bottom ashes. First 
melting according to STA started at temperature 150 ºC 
lower than the initial deformation temperature [47].  
 
A pilot-scale (50 kW) Circulating Fluidised Bed (CFB) 
has been used by Vainikka to characterise fuels which 
are mixtures between coal, bark, peat and logging 
residues [48]. Feeding of limestone to reduce SOx 
emissions can lead to increased HCl production and 
possible corrosion problems. The "effective" S/Cl ratio, 
defined as the molar ratio in the gas phase, was found to 
be a relevant control parameter (while the total S/Cl 
molar ratio can be misleading. Comparisons with full-
scale tests at Alholmens Kraft are planned.  
 
A method for characterisation of fuels according to their 
slagging properties in grate combustion has been 
developed by Öhman et al [49]. A residential pellet 
combustor is used to simulate conditions in a large-scale 
grate combustor. Slag deposits are classified visually 
according to the following four categories: 1) non-
sintered ash residue, 2) partially sintered ash, 3) totally 
sintered ash (smaller blocks) and 4) totally sintered ash 
(larger blocks). The composition of slag, non-sintered ash 



and flyash (classified according to particles size) was 
studied using SEM-EDS and XRD, as described in 1.2. A 
database with about 50 fuels has since been compiled.  
 
 
2.3.6 Agglomeration tendencies in fluidised beds 
 A method for quantification of bed agglomeration 
tendencies of different fuels had been developed and 
evaluated by Öhman and Nordin [50]. A bench-scale 
fluidised bed (5 kW) is used. Bed temperature is 
increased by an external heat to the primary air and to the 
bed section walls. In addition, temperature homogeneity 
is secured by switching from normal fuel feeding to a 
propane precombustor. The initial agglomeration 
temperature is determined by on- or off-line principal 
component analysis of the variations in measured bed 
temperatures (four values) and differential pressures 
(four).  The agglomeration temperature of the fuel could 
be determined to 899 ºC (avg) with a reproducibility of 
{+-} 5 ºC. At TPS, Sweden a different measurement 
procedure is used. The fluidised bed is kept at constant 
temperature and the ash content is gradually increased 
until agglomeration occurs. Various temperatures have to 
be used for fuels with unknown properties [51].  
 
A fluidised bed monitoring method is presented, based on 
pressure variations [52]. Ashes from co-combustion of 
recovered fuel (RF) and coal, peat, wood or wood-waste 
in a 15 kW fluidised bed were studied. Fly ashes were 
analysed using XRF. The sintering properties of the 
ashes were analysed with a test procedure developed at 
Åbo Akademi, Finland. Sintering was significant below 
600 ºC and above 800 ºC for RF/wood and RF/bark, but 
not for RF/peat. Ash pellets were thermally treated with 
nitrogen to avoid residual carbon combustion. An 
increased level of alkali chlorides and sulphates made 
sintering increasingly likely [53] [58]  
 
Larfeldt and Zindtl have tested a procedure for measuring 
bed agglomeration tendencies in a rotary furnace [54]. 
The heating of bed material from a fluidised bed in a 
rotary furnace is video recorded and the temperature is 
measured with an IR-sensor. The temperature when the 
molten sample is starting to stick to the sides of the 
crucible can thus be determined. For comparison the 
authors have made experiments in a bench-scale fluidised 
bed, and found that the temperature when 50 percent ash 
stuck to the sides in the rotary oven is approximately the 
temperature when agglomeration can be expected in a 
fluidised bed.  
 
 
2.3.7 Function of SCR catalysts 
 Deactivation of catalysts for selective catalytic 
reduction (SCR) by aerosols has been studied by 
Frandsen [55]. Two bench-scale reactors for studying 
deactivation of SCR catalysts during biomass combustion 
have been constructed and tested. Full-scale SCR 
elements can be exposed to synthetic aerosols of well-
defined composition. A reactor model has been 
developed and showed good agreement with 
measurements.   
 
Kling and co-workers has developed a bench-scale 
reactor for testing the deactivation of SCR catalysis for 
different fuel mixtures. The temperature of the reactor is 

controlled and normal operation temperatures are 250, 
275, 350 and 400 oC. A small sample of a catalyst is 
exposed to synthetic flue gas composition made of NO, 
NH3 and O2. Conclusions from a test campaign with co-
combustion of used wood and wood chips are that alkali 
poisoning is the main cause for deactivation and that 
dioxin concentrations can be reduced by 70 percent by a 
full-scale SCR catalyst. [56].  
 
 
3 DISCUSSION 
 The literature search is limited to work published in 
1998 or later were and relevant research may have been 
excluded because of the search criteria. Since the amount 
of work in the area is huge, it was necessary to limit the 
scope of this study.  
 
Any characterisation method is a trade-off between 
accuracy, time and costs. While routine tests are well 
defined and performed in a structured and controlled 
manner, thermal and chemical conditions may be 
different from actual applications. Full-scale tests 
provide realism but may be costly, problematic and time 
consuming. The challenge is to design lab- and bench-
scale methods which reproduce the main features of the 
full-scale energy plant.  
 
The conditions in different types of combustion 
applications are considerably different. When grate 
combustion is used, fuel particles can be large. Thermal 
and chemical conditions are altogether different in each 
layer of the bed. Heating and drying take up considerable 
time. Fuel particles used in a powder burner typically 
have diameters below 1 mm. They are heated several 
orders of magnitude faster than particles on a grate. In 
the powder burner case, feeding and stable combustion 
may be a problem for some fuels. Grinding the feedstock 
to powder can also be problematic. During handling, dust 
explosions are a potential problem. In a fluidised bed, 
particles are of intermediate sizes, about 10 to 100 mm. 
Thermal and chemical conditions are rather 
homogeneous for all particles regardless of their stage of 
combustion. Chemical interaction with the bed material 
is another complicating property. When considering the 
use of a fuel in a fluidised bed, some knowledge of the 
likelyhood for bed agglomeration temperature is 
important.  
 
In these three cases, the distribution of the ash-forming 
elements between the different end products (fly ash, 
bottom ash, coarse particles, deposits at different 
locations in the boiler, gas phase.... ) is bound to be 
completely different, and so are the chemical and thermal 
conditions they go through. Therefore, fouling and 
slagging problems must be considered separately for 
each individual combination of fuel and combustion 
application.  
 
Most characterisation tests can only reproduce some of 
these features. By choosing the conditions that are 
relevant for each particular case, data may still be useful 
in validated model for the properties to be predicted (e.g. 
combustion, ash forming, deposition). .  
 
The respective advantages and disadvantages of the 
methods previously described will be considered in this 



context for the three problem areas 1) Handling, grinding 
and feeding 2) Combustion properties, 3) Slagging and 
fouling.  
 
 
Fuel handling, grinding and feeding 
 Concerning fuel storage and handling, grinding and 
feeding not so many results were found through the 
literature search.  
 
The Hargrove Grindability Index which measures the 
mass fraction of particles which pass a sieve of 74 μm in  
pre-treated fuel, is not practically useful for biomass 
fuels. For most fuels, a high HGI can usually be achieved 
by increasing the grinding power used, an important 
parameter not taken into account by the method. A 
grindability index which does take power consumption 
into account is thus needed. One suggestion is the one 
already mentioned deviced at ECN [57], another has 
been proposed by Berg and his co-workers [58].  
 
 
Combustion characteristics 
 There are a large number of recent methods available 
for characterising combustion properties. Heating rates 
have been shown to influence devolatilisation kinetics 
considerably, and this influence must always be kept in 
mind. When TGA analysis and related methods are used, 
the low heating rates make the results most relevant for 
grate combustion. With drop tube reactor methods 
heating rates similar to conditions in a powder burner can 
be achieved. With wired-mesh reactors high heating rates 
are also possible, although a drawback for powder fuels 
is the difficulty to discriminate between the intrinsic 
kinetics of the fuel and the heat and mass transfer 
properties, the latter depending on the experimental 
situation e.g. the size and shape of the entire fuel sample.  
 
For modeling combustion of pulverised fuels, models 
combining fluid dynamics, energy balance and heat and 
mass transfer (e.g. the one developed by Biagini et al. 
[59]) are useful, when combined with drop tube/entrained 
flow reactor measurements. For powders, data on particle 
size and shape distribution methods are important. The 
optical method from ECN should be useful for fuels with 
coarser particles but for powders there is a lack of simple 
and reliable methods.  
 
There is a lack of convenient equipment which operators 
of boilers with powder burners can use on-site to get data 
on devolatilisation kinetics and char burnout rate with . 
TGA is widely used, no doubt because it is an accepted 
and relatively cheap method compared to drop-tube 
reactors/entrained-flow reactors. The obvious problem is 
the low heating rate (tens of K per minute), which can be 
an acceptable approximation for grate combustors but is 
several orders of magnitude lower than the conditions in 
a fluidised bed, and even more different from conditions 
in a powder burner. On the other hand, entrained-flow 
reactors require substantial investments and preparations 
for measurements are time-consuming. For most heat and 
power plant owners they are not available in-house and 
measurements must be done somewhere else in 
campaigns, planned well in advance. This probably limits 
their use. There is thus a need for some bench-scale 

equipment of intermediate complexity and high heating 
rates and that preferably give data within the same day.  
 
 
Ash-related problems and ash-related emissions 
 The methods for alkali release measurement seem to 
be too complex for routine use in bench-scale 
applications. There is certainly a possibility that they can 
be further developed and made more user-friendly, but 
currently they should be most useful for larger 
laboratories or for monitoring at full-scale units.  
 
Grates and fluidised beds in bench-scale can be used to 
simulate fouling and bed agglomeration in full-scale 
facilities. The idea of using experimental grate combustor 
rigs like the one at SP should have potential for testing 
fuel-specific properties for grate combustion. On the 
other hand powder burner flames cannot be down-sized 
to bench-scale without affecting the properties studied, 
like flame stability. Measurements of relevant fuel-
specific combustion properties in combination with 
modelling must therefore be used.  
 
Concerning slagging and fouling problems, there is a 
need for bench-scale methods that are more similar to 
actual thermal and chemical combustion conditions,.  A 
limitation of standard tests like the ASTM ash fusion test 
is that the conditions, while well defined are not very 
realistic. In one study, results from the ASTM standard 
ash fusion test and a compression strength based 
sintering test using laboratory ashes where compared 
with a continuously fed bed agglomeration (CFBA) test. 
The ASTM standard ash fusion tests generally showed 50 
- 500 ºC higher temperatures than the sintering test and 
the CFBA test. The sintering test generally showed 20 to 
40 ºC lower sintering temperatures than the CFBA test 
[60].  
 
Leaching and chemical fractionation could possibly be 
interesting to develop further as a biomass fuel 
characterisation tool. However it has not been 
systematically tested how well the results agree with 
thermal measurement methods. 
 
The water leaching method, combined with conductivity 
measurements, could be used in combination with other 
methods as one early indication of possible alkali 
problems.  
 
The Melt Area Fraction method could be useful as a 
complement to SEM/EDS and XRD measurements, 
provided that the ash material under study are produced 
during conditions which are relevant for the application 
studied.  
 
 
Conclusions 
In the literature search, very few results were found on 
grindability. Suggestions have been made for an index 
useful for biomass fuels instead of the Hardgrove 
Grindability Index, which is not practically useful for 
biofuels.   
 
On combustion characterisation, most work used TGA, 
which have slow heating rates suitable to simulate grate 
combustion but not powder burners. To achieve heating 



rates similar to conditions in powder burner, drop 
tube/entrained flow reactors or electric grid reactors are 
needed. Few such studies were found. One possible cause 
is that current methods are not sufficiently economical 
and convenient to be used routinely for new fuels.  
 
There has been work where chemical methods instead of 
thermal methods were used to characterise fuel and ash 
properties. Possibly they could be more economical and 
convenient than thermal methods in some circumstances, 
provided that it can be established that they give the 
same relevant information.  
 
Much work has been done on ash-related problems. Here, 
bench-scale methods exist for grate combustion and 
fluidised beds, but again there is a lack of methods to 
reproduce conditions in powder burners.  
 
When considering co-combustion of biomass fuels in 
powder burners it can be concluded that there is a need 
for grindability measurement methods adapted to solid 
biomass fuels which (unlike the Hargrove Grindability 
Index) take electric power consumption (the property 
which differs between different biomass fuels) into 
account.  
 
Leaching and chemical fractionation could be interesting 
to develop further as a biomass fuel characterisation tool. 
A systematic comparison with thermal methods would be 
worthwhile.  
 
The design of a convenient low-cost experimental device 
with high heating rates of the fuel to be tested for 
measuring slagging and fouling and/or devolatilisation 
kinetics and/or char burnout rate should be a subject for 
future studies.  
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The global production of rapeoil is increasing. A byproduct is rapeseed meal that is a result of the oil
extraction process. Presently the rapeseed meal mainly is utilized as animal feed. An interesting alternative
use is, however, energy conversion by combustion. This study was undertaken to determine the combustion
properties of rapeseed meal and bark mixtures in a bubbling fluidized bed, with emphasis on gas emissions,
ash formation, -fractionation and -interaction with the bed material. Due to the high content of phosphorus in
rapeseed meal the fuel ash is dominated by phosphates, in contrast to most woody biomass where the ash is
dominated by silicates. From a fluidized bed combustion (FBC) point of view, rapeseed meal could be a
suitable fuel. Considering FBC agglomeration effects, pure rapeseed meal is in level with the most suitable
fuels, as earlier tested by the methods utilized in the present investigation. The SO2 emission, however, is
higher than most woody biomass fuels as a direct consequence of the high levels of sulfur in the fuel. Also the
particulate matter emission, both submicron and coarser particles, is higher. Again this can be attributed the
high ash content of rapeseed meal. The high abundance of SO2 is apparently effective for sulfatization of KCl
in the flue gas. Practically no KCl was observed in the particulate matter of the flue gas. A striking difference
in the mechanisms of bed agglomeration for rapeseed meal compared to woody biomass fuels was also observed.
The ubiquitous continuous layers on the bed grains found in FBC combustion of woody biomass fuels was not
observed in the present investigation. Instead very thin and discontinuous layers were observed together with
isolated partly melted bed ash particles. The latter could occasionally be seen as adhered to the quartz bed
grains. Apparently the bed agglomeration mechanism, that obviously demanded rather high temperatures,
involved more of adhesion by partly melted ash derived potassium-calcium phosphate bed ash particles/
droplets than direct attack of gaseous alkali on the quartz bed grains forming potassium-calcium silicate rich
bed grain layers. An explanation could be found in the considerable higher affinity for base cations of phosphorus
than silicon. This will to a great extent withdraw the present basic oxides from attacking the quartz bed grains
with agglomeration at low temperatures as a result.

1. Introduction

The worldwide production of rapeseed amounted in 2006/
2007 to 47 million metric tons,1 of which the total EU-25
production accounts for 16 million metric tons.2 The total
production of rapeoil in Europe was in 2006 6.1 million tons.2

Rapeseed oil has also become the primary feedstock for
biodiesel in Europe. Estimates for 2006 showed that more than
4.0 million tons of rapeseed oil went into biodiesel.3

The processing of rapeseed for oil production provides
rapeseed meal as a byproduct. The production of rapeseed meal
in Europe was in 2006 8.6 million tons.2 This is a high-protein
containing byproduct, which mostly is employed for cattle
feeding, but also for hogs and poultry.3

Future scenarios of the global energy markets plausibly
involve drastically increased prices and shortage of renewable

fuels. An interesting alternative use of rapeseed meal would be
for energy production. However, the price development of
rapeseed meal makes no exception to the late trends of the
agriculture products. Crucial for the prospect of rapeseed meal
utilization for energy conversion purposes is, of course, the
simultaneous development of the individual trends in price of
energy and agriculture products.

The literature comprising utilization of rapeseed meal for fuel
purposes is scarce. However, in a recent investigation the role of
limestone in preventing agglomeration and slagging in the combus-
tion of rapeseed meal was presented.4 The aim of the present project
was to determine the combustion properties of rapeseed meal, both
as a pure fuel and as mixtures with softwood bark (i.e., a typical
biomass fuel in Scandinavia) in a bench-scale fluidized bed (5 kW),
with emphasis on gas emissions and ash formation, fractionation,
and interaction with the bed material.

2. Materials and Methods

2.1. Fuels. Recently, a comprehensive survey of rapeseed
meal samples from the major part of European large-scale plants
for rapeoil production was performed to obtain typical composi-
tion and variations.5 The heating value, ash content, and moisture
content were determined, and an elemental analysis of the main

* To whom correspondence should be addressed. Phone: +46 90 786
5445; e-mail: dan.bostrom@chem.umu.se.

† Umeå University.
‡ Luleå Technical University.
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htm (accessed 3/2009).
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and selected trace elements was carried out.5 On the basis of
these results, a typical European rapeseed meal was selected
for the present study derived from the Karlshamn plant in
southern Sweden, which mainly uses rapeseeds from southern
Sweden, Poland, and Germany. The selected rapeseed meal was
homogenized and stored in sacks prior to pelletizing. Bark was
selected as a suitable and representative co-combustion forest
(woody) fuel and obtained as pellets from a pellet mill in
Mönsterås (Södra Skogsenergi AB). Ultimate analyses and
concentrations of ash-forming elements of the two fuels (raw
materials) are given in Table 1.

The selected rapeseed meal have relative high contents of S
(sulfur) and N (nitrogen), and the ash is comparatively rich in
K (potassium), P (phosphorus), Ca (calcium), and Mg (mag-
nesium). The softwood bark is relatively rich in Ca and Si
(silicon).

Three different mixtures of the fuels (raw materials) were
pelletized. The bark pellets were ground and mixed with the
rapeseed meal in two levels; 10 and 30%wt d.s and subse-
quently pelletized. To obtain pellets with high durability (i.e.,
mechanical strength/density) from pure rapeseed meal proved
to be difficult. Admixing cutter shavings improved the quality
of the pellets to an acceptable degree. By measuring the ash
content of the pellet, the admixture of cutter shaving was
estimated to 20%wt d.s. Because the ash content of rapeseed
meal and cutter shavings were 7.4 and 0.3%wt d.s., respec-
tively, the fuel ash composition of the resulting pellet was
totally dominated by the rapeseed meal (99% of the ash).
Therefore, the pellets containing 80%wt d.s. rapeseed meal and
20%wt d.s. cutter shavings will hereafter be denoted rapeseed
meal pellet. In addition, pure bark pellets were also com-
busted as a reference fuel. The elemental analysis of the
produced pellets is given in Table 2.

2.2. Combustion. The combustion experiments were per-
formed in a bench-scale fluidized bubbling bed (5 kW).6 All
four different pellets assortments were fired. The bed material
consisted of quartz sand (>98% SiO2) with a grain size of
200-250 µm. At each experiment 540 g of bed material was
used. All fuels were combusted at a bed temperature of 800 °C
during 8 h, corresponding to a total amount of fuel of 5 kg/
experiment. The temperature in the freeboard was 800 ( 15

°C. The temperature was controlled via individual regulation
of the wall heating sections. During the entire combustion period
the fluidizing velocity was kept 10 times higher than the
minimum fluidizing velocity, corresponding to about 1 m/s.

During the combustion period, flue gas of about 200 °C was
sampled and concentrations of O2 and CO were continuously
measured using a Testo XL 350 gas analyzer (electrochemical
sensors). The SO2 and HCl content of sampled flue gas was
captured in 0.3% hydrogen peroxide solution, and sulfur was
quantified by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) and chlorine by DIN EN ISO 10304-1,
with the results recalculated to SO2 and HCl, respectively. Total
particulate matter (PMtot) mass concentrations were determined
by isokinetic sampling using conventional equipment with quartz
fiber filters. To determine the PM mass size distribution, a 13-
stage low-pressure cascade impactor (LPI) from Dekati Ltd. was
used that separates particles according to aerodynamic diameter
in the interval of 0.03-10 µm. Isokinetic sampling was carried
out in the flue gas channel at a temperature of about 160 °C.
The impactor was heated to about 120 °C during the sampling.
Aluminum foils (not greased) were used as substrates in the
impactor.

The oxygen concentration in the flue gas was on average
8-10% (dry gas), and the CO levels varied between 100 and
200 ppm (dry gas, average values for each experiment). Bed
samples were collected after 8 h combustion with an air-cooled
cyclone. An air-cooled deposition probe with test rings of
stainless steel, simulating super heater tube surfaces, were used
to collect deposits in the freeboard. The metal temperature of
the steel rings was measured by thermocouples, and regulators
controlled the flow of cooling air on the inside of the test ring.
During all experiments, the ring surface temperature was set to
450 °C and the exposure (sampling) time was 6 h. After each
combustion period a controlled fluidized bed agglomeration test
was carried out according to a previously described method.6

Combustion of propane gas was started to maintain combustion
atmosphere in the reactor while the bed was heated continuously
and iso-thermally at 3 °C/min, until bed agglomeration was
achieved. After each experiment, all bed material/agglomerates
were collected.

2.3. Analysis of Bed Material, Deposits, and PM
Emmisions. Bed samples and agglomerates were analyzed with
scanning electron microscopy (SEM) and energy dispersive
X-ray analysis (EDS) to determine the morphology and elemen-
tal composition on occurring bed grain layers and individual
bed ash particles. This was done in order to determine any
difference in chemical characteristics of the bed grain layers

(4) Bariã, V. Lars-Erik Åmand and Edgardo Coda Zabetta; World
Bioenergy 2008: Jönköping, Sweden, May 27-29, 2008.

(5) Eriksson, G.; Hedman, H.; Öhman, M.; Boström, D.; Pettersson, E.;
Pommer, L.; Lindström, E.; Backman, R.; Öhman, R. Värmeforsk rapport
A06-617, VÄRMEFORSK Service AB,101 53: Stockholm, Sweden.

(6) Öhman, M.; Nordin, A. Energy Fuels 1998, 12, 90–94.

Table 1. Ultimate Analysis and Concentrations of Ash-forming
Main Elements in the Used Raw Materialsa

rapeseed meal bark

C 46.9 52.5
H 6.3 5.7
N 6.4 0.40
O 32.2 39.3
Cl 0.03 0.02
S 0.91 0.04
Si 0.09 0.50
Al 0.013 0.087
Ca 0.721 0.743
Fe 0.034 0.042
K 1.32 0.190
Mg 0.535 0.064
Na 0.013 0.032
P 1.257 0.037

a Values represent weight percent of dry substance. The oxygen
concentration is calculated by balance.

Table 2. Ultimate Analysis and Concentrations of Ash-forming
Main Elements of the Produced Pellet Assortmentsa

bark 10% RM in bark 30% RM in bark RM

C 52.5 51.9 50.8 47.9
H 5.7 5.8 5.9 6.2
N 0.4 1.0 2.2 5.1
O 39.3 38.6 37.2 34.1
Cl 0.02 0.02 0.02 0.02
S 0.04 0.13 0.30 0.73
Si 0.50 0.46 0.38 0.08
Al 0.09 0.08 0.06 0.01
Ca 0.74 0.74 0.74 0.59
Fe 0.04 0.04 0.04 0.03
K 0.19 0.30 0.53 1.06
Mg 0.06 0.11 0.021 0.43
Na 0.03 0.03 0.03 0.01
P 0.04 0.16 0.40 1.01

a Values represent weight percent of dry substance. RM ) rapeseed
meal. The oxygen concentration is calculated by balance.
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for the different fuel assortments. The samples were mounted
in epoxy, cut, and dry polished before elemental analysis and
determination of thickness of the layers with SEM/EDS. The
deposits formed on the leeward side of the test rings were also
analyzed by a number of area analyses (100 × 100 µm) to obtain
good reproducibility. The fine (<1 µm) mode particles on the
impactor stages 4 and 5 (and occasionally also 6), that is,
geometric mean diameter (GMD) of 0.19, 0.32 and 0.52 µm,
respectively, and the coarse (>1 µm) mode particles on impactor
stage 10 (GMD 3.3 µm) and in some cases stage 12 (GMD 8.7
µm), were analyzed by several area analyses (100 × 100 µm)
by SEM/EDS.

3. Results

3.1. Bed Agglomeration Tendencies. The determined initial
defluidization temperature of the various experiments is given
in Table 3. Previously, this method has been demonstrated to
determine the initial defluidization temperature with a precision
of (5 °C (standard deviation).6 The pure bark and rapeseed
meal pellets resulted in agglomeration temperatures clearly
above normal bed temperatures in fluidized beds, whereas the
mixed pellets resulted in agglomeration temperatures slightly
above these temperatures.

3.2. Chemical Characteristics of Bed Material and
Agglomerates. In panels a-d in Figure 1, bed material from
combustion of pure rapeseed meals are shown.

In Figure 1a, a number of typical bed grains after 8 h
combustion are shown. In general, the bed grain layers are thin
and noncontinuous. On a few grains, thicker but still noncon-
tinuous layers were observed, as seen in, for example, Figure
1a. An average of six spot analyses (SEM/EDS) of this layer is
given in Table 4. The layer consisted of Si, Ca, P, K, Mg, and
O. In Figure 1b, a round bed ash particle adhered to a quartz
bed grain is shown. The composition of this bed ash particle is
given in Table 4. Between the quartz bed grains, a number of
separate fuel ash derived particles were found. Two typical
examples are given in Figure 1, panels c and d. The composition
of these bed ash particles is given in Table 4.

Previous comprehensive analysis of quartz bed grain layers
from bark combustion under similar conditions have pointed
out continuous bed grain layers consisting of an outer part with
a composition close to the fuel ash and an inner part dominated
by Si, Ca, and K (see Figure 1e).7-9

3.3. Gas Emissions. The emissions of SO2 and HCl are given
in Table 5. Low HCl concentrations were obtained for all fuels.
Combustion of pure rapeseed meal resulted in relatively high
SO2 emissions, although only about 20% of available sulfur
formed SO2.

3.4. PM Emissions. The PM emissions showed a distinct
bimodal mass size distribution, with a fine and coarse mode, as
seen in Figure 2. The results showed a clear increase in the
mass of fine as well as coarse particles for the pellets containing
rapeseed meal. The fine particles from combustion of bark
pellets contained mainly K, Cl, S, and Ca (see Figure 3). Ca is
normally not present in any higher amounts in the fine mode.
All rapeseed meal containing pellets showed reduced Cl-
concentrations in the fine particles as the result of high amounts

of S. The phase composition of these fine particles (see Table
6) was mainly constituted by potassium sulfate.

The elemental composition of the coarse particle fraction from
combustion of pure bark pellets was dominated by Ca, Si, and
Mg (see Figure 4). Crystalline phases that could be identified
were mainly CaSO4 and CaCO3 (see Table 6). Upon admixing
rapeseed meal, the coarse particles were dominated by Ca, P,
K, Mg, and Ca-Mg-K-phosphates, and Ca-K-phosphates
were identified (see Figure 4 and Table 6).

3.5. Formed Deposits. The deposits on the cooled probe are
expected to contain both fine and coarse PM for all fuels.
However, since the PM in the flue gas is dominated by coarse
particles (see Figure 2) the composition of the deposits on the
cooled probe should reflect this condition. At a comparison of
the elemental compositions given in Figures 4 and 5 it is evident
that this is also the case. Crystalline phases identified in the
deposits are given in Table 6.

4. Discussion

4.1. Bed Agglomeration Tendencies. The tendency for bed
agglomeration combusting rapeseed meal are lower than for the
majority of biomass fuels that previously have been studied with
the same methodology as in this work (see Table 7). The bark/
rapeseed meal mixtures show an agglomeration tendency equal
to forest residues fuels. However, the bed grain layer formation
processes and thus the bed agglomeration mechanism displays
a marked difference compared to the combustion of woody fuels.
Without exception, for the latter, a layer around the quartz grain
forms that initially is K-rich, but that with time will contain
more Ca. Our interpretation of this course of events is that K
in the fuel will vaporize already in the fuel particle and to some
extent react with silica in the fuel to a sticky silicate melt that
will adhere to the quartz bed grains. However, the main layer-
formation process during combustion of woody fuels involves
a direct attack/reaction of vaporized K with quartz bed grains.
Simultaneously, refractory oxides, mainly CaO and MgO, will
react with this melt and raise the melting temperature, thus
reducing the stickiness of the layer.6 In the present case, with
rapeseed meal, the ash is dominated by phosphates, in contrast
to the case of woody fuels where the ash is dominated by
silicates. A remarkable difference in the combustion of the
present fuels compared to woody biomass was the absence of
the thick continues layers of the quartz bed grains frequently
observed in the latter type of fuel.6-8 Our interpretation is that
K, P, and Si in the rapeseed meal fuel initially will react during
the burn out of the single fuel particle under formation of molten
K-phosphate and K-silicate rich bed ash particles. These will
subsequently react further with CaO(s) and MgO(s), formed
earlier in the fuel particle during the continuation of the burn
out phase, causing a rise of the melting temperature of the bed
ash particles. Apparently, the K-capturing ability of P is efficient
enough to decrease the concentration of K-vapor left for reaction
with the quartz bed grains to comparatively low levels. Decisive
for this mechanism is, naturally, the high affinity of P for K.
Thus, in a system containing K, P, S, Cl, and Si and assuming
chemical equilibrium, primarily P will react with K to a
K-phosphate. If a surplus of K exists, then K-silicate and
K-sulfate will form and so on. The description given here
involves, of course, simplifications but is assumed to depict the

(7) De Geyter, S.; Öhman, M.; Eriksson, M.; Nordin, A.; Boström, D.
Energy Fuels 2007, 21, 2663–2668.

(8) Brus, E.; Öhman, M.; Nordin, A. Energy Fuels 2005, 19, 825–832.
(9) Öhman, M.; Pommer, L.; Nordin, A. Energy Fuels 2005, 19, 1742–

1748.

Table 3. Initial Defluidization Temperatures (IDT) for the
Different Fuels

fuel IDT (°C)

bark >1015
10% RM in bark 965
30% RM in bark 930
RM 1020
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main features of the ash transformation reactions. The K- and
P-rich bed ash particles that also have incorporated some Ca

and Mg are probably at least partly melted at the temperatures
of BFB. An interpretation of available relevant phases diagrams
for the actual compositions gives eutectic temperatures around
800 °C.10-13 Obviously, some Si has also solved in the melted
fraction (see Figure 1, panels b-d and Table 4, composition of
bed ash particles). These bed ash particles will occasionally stick
to the bed grains but will probably only react to a comparatively
low extent with the quartz bed grain. Thus, noncontinuous
coatings will form on the bed grain.

Figure 1. Typical quartz bed grain layers (a and b) and individual bed ash particles found in the bed (c and d) during combustion of rapeseed meal
and typical quartz bed grain layers formed during combustion of bark (e).

Table 4. Elemental Composition (mole %) of Formed Line
Quartz Bed Grain Layers and Individual Bed Ash Particles

during Combustion of Rapeseed Meal

quartz bed
grain layer1

bed ash
particle2

bed ash
particle3

bed ash
particle4

Mg 9 16 13 16
Si 48 20 20 20
P 16 28 27 25
S 1 1 2 3
Cl 0 0 0 0
K 7 26 27 27
Ca 19 9 11 9

1 Average of six spot analyses on the coating of the quartz bed grain
situated at the center of Figure 1a. 2 Area analysis of a “spherical” bed
ash particle on a quartz bed grain in Figure 1b. 3 Area analysis of a
single bed ash particle in Figure 1c. 4 Average of five spot analyses on a
bed ash particle in Figure 1d.

Table 5. Emissions of Gases and PMtot
a

HCl SO2 PMtot

bark 3 4 780
10% RM in bark <1 1 610
30% RM in bark <1 38 1210
RM 1 270 1410

a Given as mg/Nm3 at 10% O2 Dry Gas.
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In the mixed pellets, significantly lower initial defluidization
temperatures were observed. In the ashes of these fuel mixtures
comparable amounts of both phosphates and silicates are present.
A common physical chemical phenomenon is lowering of
melting point of mixed systems. The lowered bed agglomeration

temperatures determined for the mixed pellets in the present
study thus indicate an interaction between the phosphate and
silicate systems.

4.2. Particulate Emissions. The total particulate emission
(PMtot) when combusting pure rapeseed meal was relatively
high, about 2 times higher compared to combustion of bark
and more than 10 times higher than for combustion of pure
wood (see Table 5). The determining factor for submicron
particulate matter formation in the flue gas of biomass
combustion is the abundance of K. The concentration of K
in rapeseed meal is more than 5 times higher than in bark.
In addition, the K-capturing ability of the two different fuel
ashes has to be paid attention to. In view of this, the large
relative increase of fine particles mass for rapeseed meal is
not surprising (see Figure 2). As can be seen in Figure 3
and in Table 6, the fine mode almost entirely consists of
K-sulfate. Although the initial content of S in the fuel is lower
than the content of K, a substantial surplus of S in relation
to K will be present, available for sulfatization reactions of
potassium chloride since practically all S in the fuel will
vaporize. That this has taken place is evident from Figure 3
and Table 6. However, the major part of the total particulate

(10) Znamierowska, T. Pol. J. Chem. 1979, 53 (7-8), 1415–1423.
(11) Znamierowska, T. Pol. J. Chem. 1978, 52 (10), 1889–1895.
(12) Znamierowska, T. Pol. J. Chem. 1981, 55 (4), 747–756.

Figure 2. Particle mass size distributions in the flue gases during combustion of bark, 10% RM in bark, 30% RM in bark, and RM.

Figure 3. Elemental composition on Al-, C-, and O-free basis (mol
%) of the fine mode particles (impactor stage 4, GMD 0.19 µm, or
stage 5, GMD 0.32 µm) sampled during combustion of bark, 10% RM
in bark, 30% RM in bark, and RM.

Table 6. Phases Identified with XRD in Fine and Coarse PM
and in Probe Ring Deposits at Combustion of Bark, 10% RM in

Bark, 30% RM in Bark, and RM

bark
10% RM
in Bark

30% RM
in Bark RM

FM1 2 K2SO4
2 K2SO4

KCl
CM3 CaSO4

2 Ca2KP3O10 Ca2KP3O10

CaCO3 Ca9MgK(PO4)7
4 Ca9MgK(PO4)7

4

K2SO4 K2SO4

CaSO4 CaSO4

DP5 CaCO3 CaCO3 Ca9MgK(PO4)7
4 K2SO4

CaSO4 K2SO4 KMgPO4 KMgPO4

KCl KCl CaSO4 CaK2P2O7

Ca9MgK(PO4)7
4 K2SO4 Ca9MgK(PO4)7

4

KMgPO4 KCl CaSO4

SiO2 CaCO3

MgO

1 Fine particulate matter (impactor stage 4, GMD 0.19 µm, or stage 5,
GMD 0.32 µm). 2 Available sample was too scarce to admit XRD
analysis. 3 Coarse particulate matter (impactor stage 10, GMD 3.3 µm).
4 Whitlockite. 5 Deposits on the air-cooled sample probe rings

Table 7. Resulting Initial Defluidization Temperatures for
Different Fuels in Quartz Bed Combustion at Similar

Conditions

fuels ITD1

bark2 1015
10% RM in bark2 965
30% RM in bark2 930
RM2 1020
wheet straw 7503

salix 9003

logging residues 9603

reed canary grass 920-9704

olive stone 9304

peat 10204

RDF 9904

bagasse 9954

lucerne 6704

1 Initial defluidation temperature (°C). 2 Present study. 3 Reference 5.
4 Reference 14.
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emission from combustion of rapeseed meal consisted of
coarse particles (>1 µm) (see Figure 2). In view of the
relatively high gas velocities of a BFB, this is not surprising.
At the burn out of the fuel particles, fragments of residual
ash are formed (see, e.g., Figure 1), rich in P, Si, K, Ca, and
Mg. As discussed in Section 4.1, a lowering of the melting
temperature of the ashes for the mixed fuels is plausible.
This may be the reason for the increased coarse particle
emission of the mixed fuel pellets (see Figure 2). Two
phosphates, Ca2KP3O10 and Ca9MgK(PO4)7, and two sulfates,
K2SO4 and CaSO4, were identified in this fraction (see Table
6). The elemental composition of the particulate deposits on
the air-cooled probe rings resembled the composition of the
coarse mode, but the XRD phase analysis revealed a more
heterogeneous mixture of compounds. Both typical coarse

and fine mode phases together with characteristic bottom ash
phases were present (see Table 6).

5. Conclusions

The relatively high emission of SO2 during combustion of
rapeseed meal, is related to the high sulfur content but also
depends on the high phosphorus content of the fuel. The latter
is due to the affinity of phosphorus for potassium.

Also, the particulate matter emission, both fine (<1 µm) and
coarser particles (>1 µm), is high, which generally can be
attributed to the high ash content of rapeseed meal.

The abundantly occurring phosphorus will react with potas-
sium, preventing the latter from attacking the quartz bed grains.
In this way, a considerable amount of potassium is captured in
the bed ash and in the coarse particle fraction as K-Ca-Mg-
phosphates/silicates.

A clear difference in the bed agglomeration mechanisms
between phosphorus-rich fuels in this study and phosphorus-
poor biomass fuels was observed. The ubiquitous continuous

(13) Znamierowska-Kubicka, T. Rocz. Chem. 1977, 51 (11), 2089–2098.
(14) Skrifvars, B.-J.; Öhman, M.; Nordin, A.; Hupa, M. Energy Fuels

1999, 13 (2), 359–363.

Figure 4. Elemental composition on Al-, C-, and O-free basis (mol %) of the coarse mode particles (impactor stage 10, GMD 3.3 µm) sampled
during combustion of bark, 10% RM in bark, 30% RM in bark, and RM.

Figure 5. Elemental composition of leeward side deposits on the probe rings on O- and C-free basis at combustion of bark, 10% RM in bark, 30%
RM in bark, and RM.
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layers of bed grains in FBC combustion of woody biomass fuels
was not seen in the present investigation. Instead, very thin and
discontinuous layers were observed together with isolated partly
melted bed ash particles. The latter could occasionally be seen
as adhered to the quartz bed grains. Apparently the bed
agglomeration mechanism, which obviously demanded rather
high temperatures, involved more of adhesion by partly melted
ash-derived potassium-calcium phosphate/silicate bed particles/
droplets than direct attack of gaseous alkali on the quartz bed
grains forming potassium-calcium silicate-rich bed grain layers.

The bed agglomeration temperatures of the bark/rapeseed
mixtures were lower than for the pure fuels, and the coarse
particle emissions were higher than for the pure fuels. This
implies that at the fluidized bed temperatures an interaction

between the phosphate and the silicate systems probably exists
that lowers the melting temperature of the ash.

The tendency for bed agglomeration combusting rapeseed
meal was lower compared to other agricultural fuels. Thus,
rapeseed meal is a fuel that could be attractive from a bed
agglomeration point of view. Furthermore, the surplus of sulfur
in the fuel could possibly be used to reduce the KCl content in
the flue gas.
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ReceiVed April 7, 2009. ReVised Manuscript ReceiVed June 5, 2009

A future shortage of biomass fuel can be foreseen. The production of rapeseed oil for a number of purposes
is increasing, among others, for biodiesel production. A byproduct from the oil extraction process is rapeseed
meal (RM), presently used as animal feed. Further increases in supply will make fuel use an option. Several
energy companies have shown interest but have been cautious because of the scarcity of data on fuel properties,
which led to the present study. Combustion-relevant properties of RM from several producers have been
determined. The volatile fraction (74 ( 0.06%wt ds) is comparable to wood; the moisture content (6.2-11.8%wt)
is low; and the ash content (7.41 ( 0.286%wt ds) is high compared to most other biomass fuels. The lower
heating value is 18.2 ( 0.3 MJ/kg (dry basis). In comparison to other biomass fuels, the chlorine content is
low (0.02-0.05%wt ds) and the sulfur content is high (0.67-0.74%wt ds). RM has high contents of nitrogen
(5.0-6.4%wt ds), phosphorus (1.12-1.23%wt ds), and potassium (1.2-1.4%wt ds). Fuel-specific combustion
properties of typical RM were determined through combustion tests, with an emphasis on gas emissions, ash
formation, and potential ash-related operational problems. Softwood bark was chosen as a suitable and
representative co-combustion (woody) fuel. RM was added to the bark at two levels: 10 and 30%wt ds. These
mixtures were pelletized, and so was RM without bark (for durability mixed with cutter shavings, contributing
1%wt of the ash). Each of these fuels was combusted in a 5 kW fluidized bed and an underfed pellet burner (to
simulate grate combustion). Pure RM was combusted in a powder burner. Emissions of NO and SO2 were
high for all combustion tests, requiring applications with flue gas cleaning, economically viable only at large
scale. Emissions of HCl were relatively low. Temperatures for initial bed agglomeration in the fluidized-bed
tests were high for RM compared to many other agricultural fuels, thereby indicating that RM could be an
attractive fuel from a bed agglomeration point of view. The results of grate combustion suggest that slagging
is not likely to be severe for RM, pure or mixed with other fuels. Fine-mode particles from fluidized-bed
combustion and grate combustion mainly contained sulfates of potassium, suggesting that the risk of problems
caused by deposit formation should be moderate. The chlorine concentration of the particles was reduced
when RM was added to bark, potentially lowering the risk of high-temperature corrosion. Particle emissions
from powder combustion of RM were 17 times higher than for wood powder, and the fine-mode fraction
contained mainly K-phosphates known to cause deposits, suggesting that powder combustion of RM should
be used with caution. A possible use of RM is as a sulfur-containing additive to biomass fuels rich in Cl and
K for avoiding ash-related operational problems in fluidized beds and grate combustors originated from high
KCl concentrations in the flue gases.

1. Introduction

In the ongoing transition of the global energy system to
renewable fuels, biofuels are becoming increasingly important.
One such fuel is biodiesel, produced through transesterification
of vegetable oils. Worldwide, the production of biodiesel was
5.5 million metric tons in 20061 (an increase with approximately
a factor of 6 since 2001), most of it within the European Union
(EU), where 4.9 million tons were produced in 2006.2 An

important raw material is rapeseed oil (Brassica napus), with a
global production of 47 million tons in 2006, of which 16
million were produced within the EU.3 The oil content in
rapeseed is about 40%, and the rest is thus residues that are
currently used mainly as feed for ruminants.4 The total produc-
tion of rapeseed oil in the EU was 6.1 million tons in 2006,5 of
which more than 4.0 million tons were used for biodiesel
production.6 This means that about 84% of all vegetable oil
used for this purpose in the EU is rapeseed oil.7
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‡ Energy Technology Centre.
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Rape-methyl ester (RME), also known as biodiesel, is
produced in a catalytic reaction with methanol, where glycerol
and single-chain esters are formed.

Further expansion of biodiesel production from rapeseed may
saturate the market for feed, requiring other uses for the surplus
of residues. One possibility is to remove some of the remaining
fibers to make the material suitable as feed for pigs and chickens
as well. Another option is to use the material as a fuel.

Rapeseed oil is produced by crushing the rapeseed. The solid
residue from the crushing, known as rapeseed cake, still contains
about 10% oil on a weight basis. Most of this oil can be
extracted chemically to increase oil yield. The solid material
remaining after chemical extraction is a brownish-yellowish
powder referred to as rapeseed meal (RM).

Because chemical extraction of oil from the cake is normally
part of the process,6 RM is produced in considerably larger
quantities than rapeseed cake, making it more important as a
potential fuel, and there is a need for specific information about
its combustion properties. However, the scarce data available
concern rapeseed cake, while no data were found for RM.

RM could be combusted either directly as a powder or mixed
with other biomass-based fuels in pellets or briquettes.

Given the possible increases of supply of the material, it is
perhaps surprising that very little information on the combustion
properties of the material has been published. Fuel characteriza-
tion of rapeseed cake has been performed by Culcuogly et al.,8

Peterson et al.,9 Praks et al.,10 and Barisic et al.11 Moisture
content is 7.6-10.9%wt ar; ash content is 4.2-7.5%wt ar; and
volatile content is 70.7-79.4%wt ar. Bulk densities vary from
334 to 622 kg/m3. Higher heating values found range from 18.9
to 23.4 MJ/kg, as received. Reported contents of sulfur and
nitrogenarehigh,0.15-1.18andabout3.8-5.1%wt ds, respectively.

Chlorine concentrations reported vary remarkably from 0.04
to 0.26%wt ds.10,11

The paper from Barisic et al. also includes an analysis of
ash-forming elements. Potassium content in rapeseed cake is
very high, 1.2%wt ds, while calcium and magnesium contents
were rather high, 0.70 and 0.45%wt ds, respectively. The sodium
content is 0.47%wt ds. Among the anion-forming elements, the
phosphorus concentration is very high, 1.15%wt ds, while the
silicon content is low, 0.0043%wt ds.

Combustion of rapeseed cake has been tested in residential
stoves by Peterson et al.,9 in a 43 kW grate combustor by Praks
et al.10 and in a 12 MW circulating fluidized bed by Barisic et
al.11 Combustion of pure rapeseed cake pellets caused slagging
problems, with 7.84%wt of the fuel ending up in the slag.9

Particle emissions were about 3 times higher than for wood
pellets.9 The flue gases from the 43 kW grate combustor used
by Praks et al. (operated at 7-8% O2 content in the flue gas)
contained 220-240 ppm of CO and 610-640 ppm of NO and
had a total particle matter content of 160-200 mg N-1 m-3.
Combustion worked well, although there were some sintering
of ash, which however did not cause any operational problems.10

During the combustion tests in a 12 MWth circulating fluidized

bed by Barisic et al., the bed sintered after 2 h of operation.
Adding limestone to the bed solved this problem. Bed particles
were studied using environmental scanning electron microscopy
(ESEM), and semiquantitative elemental analysis of the bed
particle layers with energy-dispersive X-ray spectrometry (EDS)
was performed, showing that the layers had a high content of
phosphorus.11

The results of the combustion tests of rapeseed cake indicate
that combustion applications are feasible, although with potential
problems, and suggest that fuel uses of RM should be a realistic
option as well.

However, previous studies have not addressed all relevant
issues. Powder combustion has not been tested. No data for
gaseous emissions of SO2 and HCl are reported in any of the
studies. While ash-related problems have been reported, tests
have been limited in scope and thermal and chemical conditions
have not been well-defined. Underlying ash transformations are
unexplained. An additional point is that there is a general lack
of knowledge about the ash chemical behavior of fuels with
high phosphorus contents, making the study of such fuels an
interesting subject in its own right.

Several energy companies have shown interest in full-scale
combustion tests with RM, but have thus far been cautious
because of the gaps in knowledge of combustion properties,
which has led to the initiation of this study.

The general objective of the project is to determine the
combustion properties of pure RM and RM mixed with
conventional biomass fuel.

More specifically, the objectives include (i) characterization
of combustion-relevant material properties, i.e., contents of
moisture, volatile matter and ash, heating value, elemental
composition, contents of main ash-forming elements and trace
elements, feeding properties, devolatilization kinetics, and their
variation for European RM from different batches and different
production plants; (ii) determination of the fuel-specific combus-
tion properties for powder combustion, grate combustion,
fluidized-bed combustion, i.e., gaseous emissions (NO, SO2, and
HCl) and particle emissions (total particle matter, size distribu-
tion, and composition), and risks of ash-related operational
problems (slagging, deposit formation, and bed agglomeration);
and (iii) identification of suitable uses of RM in mixes with
other biomass fuels or as additives to other fuels.

2. Experimental Section

2.1. Characterization of Fuel Properties of RM. A compre-
hensive analysis of properties of RM was performed. Nine batches
of RM from five European producers were analyzed for moisture
content (SS-1871 70), volatile content (ISO-562), ash content (SS-
18 71 71), lower heating value (SS-ISO 1928), elementary
composition (C, H, O, and N), sulfur content (SS-18 71 77), and
chlorine content (SS-18 71 54). Contents of main ash-forming
elements (including Si, K, Na, Ca, Fe, Mg, Al, P, and Mn) and
trace elements As, Ba, Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, Se, Sn, Sr,
V, and Zn were also determined. In addition, feed analyses
(including analyses of raw protein, raw fat, N, S, Ca, Fe, K, Mg,
Na, and P) for three batches from one of the plants have been made
available to the authors. The ranges of variation in these properties
were determined.

Bridging is a well-known cause of feeding problems for biomass
fuels. A test designed by Paulrud et al.12 was used to determine
the feeding properties of RM. The bridging tendency of powder
was tested using vertical funnels of different opening sizes. A total

(6) Soyatech. Rapeseed Facts. http://www.soyatech.com/rapeseed_facts.
htm (accessed on Jan 2009).

(7) European Industry Biomass Association. http://www.eubia.org/
214.0.html (accessed on June 2009).

(8) Culcuoglu, E.; Unay, E.; Karaosmanoglu, F. J. Energy Sources 2002,
24 (4), 329–336.

(9) Peterson, C. L.; Thompson, J.; Feldman, M. E.; Vander Griend, L.
Appl. Eng. Agric. 1990, 6 (4), 471–475.

(10) Praks, O. Combustion experiments using rape expeller. Department
of Farm Buildings, Swedish University of Agricultural Sciencies, 1993.

(11) Barisic, V.; Åmand, L.-E.; Zabetta, C. Proceedings of World
Bioenergy, Jönköping, Sweden, 2008; pp 258-263.

(12) Paulrud, S. Upgraded BiofuelssEffects of Quality in Processing,
Handling Characteristics, Combustion and Ash Melting; Swedish Agricul-
tural University: Umeå, Sweden, 2004.
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of 2 L of the material was placed in a funnel, resting on a horizontal
bottom plate, which was instantaneously removed. As a result, the
fuel either gravitated through the funnel opening or formed as an
obstructing bridge, which blocked the flow. The outcome was
recorded for each funnel size with five repetitions to reduce the
influence of inhomogeneous fuel and random disturbances (inter-
rupted flow for a single repetition was interpreted as bridging for
the opening size used). The smallest funnel diameter used was 60
mm.

Thermogravimetric analysis (TGA) of RM has been performed
at Umeå University to compare the devolatilization rate with the
one of wood powder. Three heating rates were used: (1) 20 °C/
min, (2) 200 °C/min, and (3) in a high-resolution mode, where the
heating rate was reduced for high mass loss rates. Purge gases were
nitrogen and carbon dioxide.

2.2. Fuel Used for Combustion Tests. On the basis of the
results of the analyses, a typical European RM was selected for
the present study. It was derived from the Karlshamn plant in
southern Sweden, which mainly uses rapeseeds from southern
Sweden, Poland, and Germany. The selected RM was homogenized
and stored in sacks prior to further processing.

The selected RM had relatively high contents of S and N, and
the ash was comparatively rich in K, P, Ca, and Mg. The softwood
bark was relatively rich in Ca and Si.

In two of the three combustion test series (described in sections
2.3 and 2.4), pelletized fuel was used. In the third (described in
section 2.5), pulverized fuel was used.

For the two test series using pellets, softwood bark was selected
as a suitable and representative co-combustion forest (woody) fuel
and obtained as pellets from a pellet mill in Mönsterås (Södra
Skogsenergi AB).

Three different mixtures of the fuels (raw materials) were
pelletized. The bark pellets were grinded and RM was added at
two levels; 10 and 30%wt ds, and these mixtures were pelletized
separately. To obtain pellets with high durability (i.e., mechanical
strength/density) from pure RM proved to be difficult. Admixing
cutter shavings from soft wood improved the quality of the pellets
to an acceptable degree. By measuring the ash content of the pellet,
the admixture of cutter shaving was estimated to 20%wt. Because
the ash content of RM and cutter shavings were 7.4 and 0.3%wt,
respectively, the fuel ash composition of the resulting pellet was
totally dominated by the RM (99% of the ash). Therefore, the pellets
containing 80%wt RM and 20%wt cutter shavings will hereafter be
denoted RM pellets. The composition of the raw materials used is
shown in Tables 1 and 2.

For the powder combustion tests, RM as received was used. The
material generally consisted of fine particles, with those smaller
than 1 mm (diameter determined by sieving) having 80% of the
mass. As a precaution against operational problems in the pilot-
scale burner, the powder was ground to eliminate the largest
particles. In addition, commercial wood powder was used as a
reference fuel for the powder-burner tests. For the ground RM,
47%wt consisted of particles smaller than 125 µm.

The compositions of the different fuels used in the combustion
tests are given in Table 3. The ash and Si contents of the bark
were higher than normal, which was probably caused by some
contamination with sand.

2.3. Combustion Tests in a Fluidized Bed. Each of the four
pellet qualities were combusted in a bench-scale fluidized bubbling

bed (5 kW). The bed material consisted of quartz sand (at least
98%wt SiO2), with diameters between 200 and 250 µm. All fuels
were first combusted at a bed temperature of 800 °C for 8 h,
corresponding to a total amount of 5 kg of fuel/experiment. The
temperature in the freeboard was 800 ( 15 °C. The temperatures
were controlled via individual regulation of the wall heating
sections. During combustion, the oxygen content in the dry gas
was 8-10% and the CO concentration was 100-200 ppm. The
fluidizing velocity was 1 m/s, corresponding to 10 times the
minimum fluidizing velocity. After the end of the combustion
period, a bed material sample was collected.

Bed agglomeration tendencies of the fuels were quantified using
a method developed and evaluated by Öhman and Nordin.14 The
temperature for initial bed agglomeration can usually be determined
with an accuracy of (5 at 900 °C.14 After the combustion had been
completed, the bed temperature was raised at a constant rate of 3
K/min by heating of the primary air and the bed section walls. To
keep the temperature uniform, a propane precombustor were used
to provide realistic gas composition. Four bed temperatures and
four differential pressures were recorded and analyzed to detect
initial bed agglomeration. After each experiment, all bed material/
agglomerates were collected for further chemical analysis.

During the combustion period, flue gas of about 200 °C was
sampled after the cyclone (cutoff size of 10 µm) and concentrations
of O2, CO, and NO were continuously measured using a Testo XL
350 gas analyzer (electrochemical sensors). The SO2 and HCl
contents of sampled flue gas were captured in a 0.3% hydrogen

(13) Strömberg, B. VÄRMEFORSK-971. Project Värmeforsk-F4-324.
Värmeforsk, Stockholm, Sweden, 2006. (14) Öhman, M.; Nordin, A. Energy Fuels 1998, 12 (1), 90–94.

Table 1. Proximate Analysis of the Raw Material Used

RM bark
cutter shavings

(soft wood)

moisture content (%wt) (as received) 10.3 10.2 8.8
volatile content (%wt) (as received) 74.1 81-84.513

ash content (%wt) (dry substance) 7.4 3.7 0.3
HHV (MJ/kg, %wt) (dry substance) 19.50 19.9-22.413 19.4-20.713

LHV (MJ/kg, %wt) (dry substance) 18.14

Table 2. Ultimate Analysis and Concentrations of Main
Ash-Forming Elements in the Used Raw Materials (Values

Represent Weight Percent of Dry Substance)

RM bark cutter shavings (soft wood)

C 46.9 52.5 51.9
H 6.3 5.7 6
N 6.4 0.4 0.12
O 32.2 39.3 41.8
Cl 0.03 0.02 <0.01
S 0.91 0.04 0.0049
Si 0.0925 0.50 0.0115
Al 0.0125 0.09 0.0031
Ca 0.721 0.74 0.084
Fe 0.0339 0.04 0.0033
K 1.32 0.19 0.0269
Mg 0.535 0.06 0.104
Na 0.013 0.03 0.0012
P 1.26 0.04 0.0061

Table 3. Properties of the Fuels Used in Combustion Testsa

pellets powder

bark
10% RM
in bark

30% RM
in bark RM wood RM

moisture content
(%wt ar)

10.2 10.2 10.2 10.0 8.8 10.3

ash content 3.7 4.1 4.8 6.0 0.3 7.4
C 52.5 51.9 50.8 47.9 51.9 46.9
H 5.7 5.8 5.9 6.2 6.0 6.3
N 0.4 1 2.2 5.1 0.12 6.4
O 39.3 38.6 37.2 34.1 41.8 32.2
Cl 0.02 0.02 0.02 0.03 <0.01 0.03
S 0.04 0.13 0.30 0.73 0.0049 0.91
Si 0.50 0.46 0.38 0.08 0.0115 0.0925
Al 0.09 0.08 0.06 0.01 0.0031 0.0125
Ca 0.74 0.74 0.74 0.59 0.084 0.721
Fe 0.04 0.04 0.04 0.03 0.0033 0.0339
K 0.19 0.30 0.53 1.06 0.0269 1.32
Mg 0.06 0.11 0.21 0.43 0.104 0.535
Na 0.03 0.03 0.03 0.01 0.0012 0.013
P 0.04 0.16 0.40 1.01 0.0061 1.26

a Values represent weight percent of dry substance, unless otherwise
stated. RM pellets are mixed with cutter shavings to improve durability
(99% of the ash is contributed by RM).
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peroxide solution; sulfur was quantified by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES); and chlorine
was quantified by DIN EN ISO 10304-1, with the results recalcu-
lated to SO2 and HCl, respectively.

Total particulate matter (PMtot) mass concentrations were mea-
sured through isokinetic sampling from the flue gas at about 160
°C using conventional equipment with quartz fiber filters. The PM
mass size distribution was determined in a 13-stage low-pressure
cascade impactor (LPI) from Dekati Ltd., which separates particles
according to their aerodynamic diameter in the interval of 0.03-10
µm. The impactor was heated to around 120 °C during the sampling.
Aluminum foils (not greased) were used as substrates in the
impactor.

An air-cooled deposition probe with test rings of stainless steel,
simulating super heater tube surfaces, was used to collect deposits
in the freeboard. The metal temperature of the steel rings was
measured by thermocouples, and regulators controlled the flow of
cooling air on the inside of the test ring. During all experiments,
the ring surface temperature was set to 450 °C and the exposure
(sampling) time was 6 h. The temperature around the deposition
probe was 750 ( 50 °C at all tests.

The residence time of the flue gas from the bed section to the
deposit sampling point was about 12 s. Particles for PMtot and
impactor measurement were collected at a lower temperature, at a
distance further downstream corresponding to a difference in
residence time of 1 s at most.

2.4. Combustion Tests in a Grate Combustor. A residential
pellet combustor was used to simulate conditions in a large-scale
grate combustor. For the combustion tests, a typical underfed pellet
burner (Eco-Tech A3, 20 kW) was selected. The burner was
installed in a reference boiler (Combi fire) used for the national
certification test of residential pellet burners in Sweden. For each
pellet quality, test runs lasted approximately 24 h, with continuous
operation at a constant fuel power of 12 kW.

Three thermocouples of type N were situated on different levels
above the grate. By continuous measurements during the experi-
ments, the maximum combustion temperature in the region where
the slag was formed, i.e., on the burner grate, was estimated to be
about 1200-1250 °C. These temperatures did not vary for the
different fuels used.

Excess air flow was set to a level corresponding to 9-10% O2

in the dried flue gas for all tests. The flue gas CO concentration
was about 1500 ppm.

The procedure for analysis of flue gas composition, flue gas
particulate matter content, and size distribution of the particles was
similar to the other combustion tests (described in the previous
section), except that the flue gas temperature was 150 °C.

The residual matter after full conversion of fuel pellets in an
underfed pellet burner was distributed between (i) molten ash (slag)

deposited in the burner or pushed over the burner grate edge down
to the bottom of the boiler, (ii) nonmolten ash at the bottom of the
boiler (bottom ash), and (iii) fly ash.

All molten particles greater than 3 mm was removed from the
bottom ash by sieving and characterized as slag. The amount of
deposited matter in the burner as well as in the boiler (i.e., bottom
ash and slag) was quantified after each experiment, and the products
were collected for analysis, described in section 2.6.

2.5. Combustion Tests in a Powder Burner. Combustion of
RM was tested in a 150 kW VTS swirling powder burner with
three sets of air vanes with separate flow control. A reference test
with commercial wood powder was performed for comparison. The
outer diameter of the burner was 130 mm. Fuel was transported
pneumatically along the axis of the burner, with three annular sets
of swirl vanes. Average fuel flow was 21 kg/h, and the air flow
was adjusted for an oxygen concentration of 3.5-4% in the dried
flue gas. The respective airflows as a percentage of the total flow
were transport air (10%), primary air (20%), secondary air (30%),
and tertiary air (40%). The internal cross-section of the furnace
was 550 × 550 mm, and its inner length was 3100 mm. Measured
furnace temperature was 1100 °C (T1 and T2), which was lowered
to 950 °C at the end of the furnace (T4). The locations of the
thermocouples used are shown in Figure 1. Oil was used to heat
the combustion chamber. At a temperature of 900-950 °C, the oil
flow was cut off and the powder feeding was started.

The procedure for analysis of flue gas composition, flue gas
particulate matter content, and size distribution of the particles was
similar to the previous combustion tests (described in section 2.3).

An air-cooled deposition probe, similar to the one used for the
fluidized-bed tests, was mounted at the end of the combustion
chamber (position shown in Figure 1). Again, the ring surface
temperature was set to 450 °C, and the exposure time was 6 h.

After the end of the powder-burner tests, ash from the burner,
ash from the bottom of the furnace, and ash from the boiler were
collected for further analysis.

2.6. Analysis of Bed Material, Agglomerates, Slags, Bottom
Ashes, and Particles. Bed material and agglomerates from the
fluidized bed, slags/bottom ashes from the grate combustor, and
slags/bottom ashes from the powder combustor and the downstream
boiler were studied with analysis methods described below. Also,
particles collected in all impactor tests and deposits on all tests
rings were analyzed.

Morphologies were studied with SEM, and elemental composi-
tions were analyzed using SEM-EDS spot and area analyses (100
× 100 µm).

For all combustion tests, fine-mode fly ash particles from
impactor plates 4, 5, and occasionally 6, with geometric mean
diameters (GMD) of 0.19, 0.32, and 0.52 µm, respectively, were
analyzed with SEM-EDS. For the fluidized-bed tests, the coarse
particles collected on impactor plates 10 (GMD of 3.3 µm) and in
some instances plate 12 (GMD of 8.7 µm) were analyzed by the
same method.

Bed samples and agglomerates from the fluidized bed were
mounted in epoxy, cut, polished, and analyzed with SEM-EDS to
determine their morphology and elemental composition and to
measure the thickness of layers formed on the bed particles.

From the deposit probes, lee-side deposits were analyzed with
SEM-EDS.

Slag and bottom ashes from the grate combustion and the powder
combustion were also analyzed using SEM-EDS.

Qualitative measurements of crystalline phases in slag and bottom
ash from the grate combustor tests and bottom ash from the powder
burner were performed using X-ray diffractometry (XRD).

Figure 1. Schematic view of the powder combustor used.

Table 4. Proximate Analyses for Nine RM Samples

minimum value mean value median value maximum value standard deviation

moisture content (%wt) (as received) 6.20 10.30 10.30 11.80 1.54
volatile content (%wt) (dry substance) 74.00 74.03 74.00 74.10 0.0577
ash content (%wt) (dry substance) 6.70 7.41 7.40 7.80 0.286
HHV (MJ/kg, %wt) (dry substance) 19.34 19.57 19.48 20.16 0.298
LHV (MJ/kg, %wt) (dry substance) 18.01 18.22 18.13 18.80 0.290
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XRD was also used for the fine-mode particles from all
combustion tests and coarse-mode particles from the fluidized-bed
tests, with the same impactor stages selected previously. Finally,
lee-side materials from the deposition probes used in the fluidized-
bed tests and powder-burner tests were studied with XRD.

3. Results

3.1. Characterization of Fuel Properties. The moisture
contents in the RM samples studied varied between 6.20 and
11.80, which is sufficiently low for use in combustion applica-
tions without further drying.

The lower heating value (LHV) was 18.22 ( 0.29 MJ/kg
(dry substance).

The volatile content of 74 ( 0.06%wt is similar to woody
fuels. The ash content (7.41 ( 0.29%wt ds) was higher than that
of most agricultural fuels. The analyses of RM are summarized
in Tables 4-6. RM had high contents of nitrogen (5.82 (
0.46%wt ds) and sulfur (0.75 ( 0.07%wt ds). Among the main ash-
forming elements, potassium and phosphorus contents were high
(1.40 ( 0.10 and 1.23 ( 0.06%wt ds, respectively). The chlorine
content was 0.036 ( 0.011%wt ds.

The calcium and magnesium contents were not remarkable,
while the silicon content was low.

The result of the trace element analysis is shown in Table 6.
Strontium (30.5 ( 8.6 ppm) and zinc (67.4 ( 6.2 ppm) showed
the highest concentrations of the trace elements.

The feeding properties of RM according to the funnel test
were excellent. RM passed through the smallest opening (60
mm) without any tendency to bridging, while wood powder has
been reported to form bridges at this diameter.12

The initial ash melting temperature according to SS-ISO 540
(produced at 550 °C) was 1130 °C, and the fluid temperature
was 1160 °C.

TGA measurements showed that the pyrolysis of RM has a
characteristic temperature of 320 °C. Devolatilization started
at 150 °C (at a lower temperature than for wood powder) and
proceeded within a rather wide temperature range. These
differences can be expected given the differences in composition
of the organic content. No differences in thermal behavior
between the test run with a heating rate of 20 °C and the test
run with a high resolution (lower heating rate when the reaction
occurs) were found, indicating that heat and mass transfer were
not limiting factors. TGA results (shown in Figure 2) do not
suggest that the material will be difficult to ignite.

3.2. Gaseous Emissions. The addition of RM to bark
changed NO emissions from combustion by a factor of 1.4-2.1
(fluidized bed) and a factor of 0.92-2.9 (grate). NO emissions
from RM powder combustion were 3.7 times higher than for
wood powder combustion.

For the fluidized bed, most of the sulfur content of the fuel
either stayed in the bed material or ended up in the ash particles.
On the other hand, during powder combustion of RM, about
80% of the sulfur content of the fuel was found in the gaseous
phase. For grate combustion of RM pellets, this figure was about
70%, and for fluidized-bed combustion of RM pellets, this figure
was only 20%. Emissions of NO and SO2 from combustion of
fuels containing RM were generally high (see Tables 7 and 8,
respectively).

Emissions of HCl were generally low (<3 mg N-1 m-3 at
10% O2 concentration in dry flue gas for all experiments).

3.3. Particle Emissions. For grate combustion and fluidized-
bed combustion of RM pellets, particle emissions were roughly
doubled compared to bark pellets. For fluidized-bed combustion,
the particle formation was reduced in comparison to bark when
pellets with 10% RM were used. In the powder-burner tests,
particle emissions were a factor of 17 higher when RM was
combusted, compared to wood powder. The total particle matter
mass concentrations of the flue gas for the tests are shown in
Table 9.

During fluidized-bed combustion, the total particulate matter
consisted of both a coarse- (diameter greater than 1 µm) and
fine- (<1 µm) mode fraction. No coarse-mode fraction was
present in the flue gas from grate combustion. Particles from
powder combustion were mainly of sizes below 1 µm. The
particle mass size distributions of the particles from the
combustion tests are shown in Figure 3.

Elementary analyses showed that the fine-mode particles from
fluidized-bed combustion of bark pellets contained mostly
potassium, chlorine, sulfur, and calcium (apart from O and C).
Adding RM to the pellets reduced the chlorine concentration
considerably. XRD showed that the particles from bark combus-
tion contained KCl and K2SO4, while the only crystalline phase
identified for RM pellets was K2SO4, which was also consistent
with the molar distribution between potassium and sulfur.

The coarse-mode particles from fluidized-bed combustion of
RM contained (apart from O and C) calcium, phosphorus, and
magnesium in addition to potassium and sulfur. Phases identified
with XRD were sulfates and phosphates of calcium, magnesium,
and potassium (see Boström et al.).15

The fine particles from grate combustion of bark contained
mostly K, S, Na, and Cl apart from oxygen and carbon. When
RM was present, Na concentrations in the particles were much

(15) Boström, D.; Eriksson, G.; Boman, C.; Öhman, M. Energy Fuels
2009, 23, 2700–2706.

Table 5. Ultimate Analyses and Main Ash-Forming Elements of
Nine RM Samplesa

minimum
value

mean
value

median
value

maximum
value

standard
deviation

C 46.2 46.8 46.7 47.6 0.457
H 6.1 6.18 6.2 6.3 0.128
N 5.00 5.82 5.84 6.40 0.462
O 32.2 33.1 33.3 33.51 0.501
Cl 0.02 0.036 0.03 0.050 0.0114
S 0.67 0.75 0.74 0.91 0.071
Si 0.02 0.08 0.08 0.14 0.0380
Al 0.00281 0.01 0.00646 0.02 0.00543
Ca 0.72 0.79 0.77 0.88 0.0500
Fe 0.01 0.02 0.02 0.05 0.0105
K 1.20 1.40 1.41 1.58 0.0998
Mg 0.26 0.72 0.54 1.09 0.307
Na 0.01 0.03 0.02 0.08 0.0229
P 1.12 1.23 1.26 1.32 0.0620

a Values represent weight percent of dry substance.

Table 6. Trace Elements of Nine RM Samplesa

minimum
value

mean
value

median
value

maximum
value

standard
deviation

As <0.1 na na 0.171 na
Ba 5.01 7.16 6.28 10.3 2.11
Cd 0.0682 0.0734 0.0726 0.0805 0.00447
Co 0.0388 0.0814 0.0787 0.117 0.0321
Cr <0.9 na na 2.59 na
Cu 5.52 5.86 5.81 6.34 0.333
Hg 0.00 na na <0.01 na
Mo <0.4 na na 1.33 na
Ni 0.818 1.34 1.40 1.78 0.394
Pb <0.06 na na 0.326 0.110
Se 0.00 0.00 0.00 0.00 na
Sn <2 <2 <2 <2 na
Sr 23.2 30.5 26.8 45.2 8.55
V 0.198 na na 0.314 0.0580
Zn 56.6 67.4 69.2 73.5 6.23

a Values represent milligrams per kilogram of fuel (ds).
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lower and their main elements were K and S (apart from O and
C). Again, the particulate Cl concentration in the flue gas
dropped as RM was added. The results from the XRD analyses
showed the presence of crystalline K2SO4 and KCl. However,
the chlorine concentration showed that there was much larger
quantities of K2SO4 than KCl.

The fine particles from powder combustion contain (apart
from O and C) mainly K, P, and S. The only identified
crystalline phase was K2SO4. The molar ratio between K and P
in the particles from the powder burner was about 3,

suggesting that some of it was bound as potassium phosphate
(amorphous in this case, because it did not give any XRD
signal), although some of it was obviously bound to sulfur
and chlorine as well.

3.4. Slag Formation. Fairly large quantities of slag were
formed through grate combustion of bark pellets. Mixing RM
into the fuel reduced slag formation considerably.

The slagging tendencies of the combusted fuels, expressed
as the fraction of ingoing fuel ash that forms slag, is presented
in Table 10.

Figure 2. TGA of RM at a heating rate of 20 °C/min (top) and the differentiated graph with a comparison to wood powder (bottom).

Table 7. NO Emissions (mg N-1 m-3) at 10% O2 Concentration
in Dry Flue Gas

grate combustion fluidized bed powder burner

bark 250 250
10% RM in bark 230 360
30% RM in bark 400 330
RM pellets 720 520
wood powder 60
RM powder 220

Table 8. SO2 (mg N-1 m-3) at 10% O2 Concentration in Dry
Flue Gas

grate combustion fluidized bed powder burner

bark 4 4
10% RM in bark 120 1
30% RM in bark 220 38
RM pellets 930 270
wood powder <2
RM powder 1290

Combustion Characterization of Rapeseed Meal Energy & Fuels, Vol. 23, 2009 3935



Sintered material (slag) from grate combustion of bark
contained, apart from O, mainly Si, Ca, K, and Al, probably as
silicates. The addition of RM tended to increase P, K, and Mg,
while the Si and Ca content tended to decrease.

XRD analyses showed that silicates of calcium, potassium,
and magnesium were present in slag from combustion of pure
bark (Ca2MgSi2O7, Ca2SiO4, and KAlSiO4 could be identified).
When RM was mixed into the fuel, the resulting slag also
contained phosphates of calcium, magnesium, and potassium
[10 and 30% RM resulted in Ca9MgK(PO4)7]. For 30% RM,
CaKPO4 and Ca9MgK(PO4)7 were also identified. The latter
phase was also identified for RM pellets, together with CaMg-
PO4. The bottom ashes from the mixtures also contained silicates
and phosphates, as well as quartz and lime.

Ashes from the powder-burner test of RM collected in the
burner, furnace, and boiler were relatively porous (not sintered)
and contained mainly P, K, Ca, and Mg.

3.5. Bed Agglomeration. Experiments in the bench-scale
fluidized bed (5 kW) with pure bark and RM pellets showed
bed agglomeration temperatures well above the normal opera-
tional bed temperature. For the fuel mixtures of RM and bark,
the agglomeration temperatures were lower but still over the
operational temperature, as shown in Table 11.

During bark combustion, continuous bed particle layers were
formed on the bed particles. In comparison to combustion of
bark, bed particle layers formed were mostly thin and the
deposited layers were not continuous. For RM combustion,
SEM-EDS analyses showed that the layer consisted of Si, Ca,
P, K, Mg, and O. The main difference in bed particle layer
composition between the combusted fuels was that phosphates
were more common for RM and silicates for bark. More details
about bed agglomeration processes during these experiments
have been reported elsewhere.15

3.6. Deposit Formation. ESEM-EDS analysis showed that
the fine particles deposited on the cooled probe (simulated
superheater tube) during fluidized-bed combustion contained,
except from O, mostly K, Cl, and S for all fuels. The fine-
mode fraction collected from the probe from combustion of RM
had a higher concentration of S and a lower concentration of
Cl compared to the fine-mode fraction from bark. XRD analysis
showed that the deposits contained K2SO4, Ca2SO4, and
phosphates of calcium, magnesium, and potassium [KMgPO4,
K2P2O7, and Ca9MgK(PO4)7].

The deposits formed on the probe during combustion of RM
in the powder burner were mainly made of P, K, Ca, and Mg.
Bottom ashes from the powder combustor and the downstream
boiler had similar composition.

4. Discussion

4.1. Fuel Properties. RM as received can be fed without
bridging problems. TGA did not suggest any ignition problems
at low heating rates, nor were any encountered during the
combustion tests.

A comparison of RM with other biomass fuels is shown in Table
12. The moisture content of about 10% is low compared to many
biomass fuels. The LHV of about 18 MJ/kg on a dry basis is typical
of biomass fuels. The ash content of 7-8% is rather high.

The nitrogen concentration in RM is 10-20 times higher than
for forest fuels because of the protein content and 5-10 times
higher than for agricultural fuels. For the same reason, sulfur
concentrations are high, an order of magnitude higher than for
forest fuels, although waste fractions, such as sludges and

Figure 3. Particle mass size distribution in dry flue gases from fluidized-
bed combustion (upper), grate combustion (middle), and powder
combustion (lower).

Table 9. Total Particle Matter Mass Concentration (mg N-1

m-3) at 10% O2 Concentration in Dry Flue Gas, in the
Fluidized-Bed Tests

grate combustion fluidized bed powder burner

bark 170 780
10% RM in bark 210 610
30% RM in bark 250 1210
RM pellets 330 1410
wood powder 20
RM powder 350
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manure, could have higher sulfur content and some scrap tires
and scrap leather consistently have higher sulfur content. Sulfur
addition is known from previous work to reduce the risks of
corrosion. The chlorine concentration is comparatively low.

A comparison of the ash-forming elements in RM and other
biomass fuels is shown in Figure 4.

The potassium content in the fuel ash is even higher than for
wheat straw, which is a potential problem, but calcium and
magnesium contents are also high, which could reduce the risk
of ash-related operational problems. The phosphorus content
in the fuel ash is relatively high in comparison to many other
biomass fuels.

Concentrations of trace elements are low compared to other
biomass fuels. Zinc and strontium concentrations are comparable
for RM and forest fuels.16

4.2. Gaseous Emissions. Because of the high contents of
nitrogen and sulfur in RM, emissions of NO and SO2 increased
with increased RM content in the fuel. Because HCl emissions
were low for all fuels, they are not discussed further.

The NO emissions did not increase as much as could be
expected from the fuel composition. Concerning powder
combustion, it is worth noticing that the long residence time
and relatively high temperature (900 °C) in the postcombustion

zone because of the relatively long length of the insulated
furnace may have had a significant effect on the NO emissions
(i.e., relatively low compared to the corresponding pellet burner
experiment).

The flue gases from powder combustion of RM contained about
80% of the fuel sulfur content as SO2. For RM in grate combustion,
this share was about 70%, while it was about 40% for the mixed
fuels. For the fluidized bed, the figure was 20% for the RM, 6%
for pellets with 30% RM in bark, and very low for 10% RM in
bark. This variation of gaseous SO2 formation reflects the impor-
tance of sulfur in the formation of RM fly ash.

Another important feature of the ash chemistry of RM is
caused by the strong affinity of phosphorus for potassium, which
means that not only the sulfur content of the fuel but also the
phosphorus content tend to reduce the formation of alkali
chlorides. Despite the fact that the molar ratio (2[K] + [Ca])/
[S]) is above unity, there is a surplus of sulfur because of this
affinity, as can be seem from the gaseous concentrations of SO2.
The content of phosphorus in the material may thus be an
advantage when mixes of RM and other fuels are considered
because sulfur will be available for sulfatizing any KCl (formed
from combustion of many forest and agricultural fuels). This
means that RM could potentially be used as a sulfur-containing
additive to alkali rich fuels from agricultural and forest biomass.

The high emissions of SO2 and NO suggest that RM should
only be used as the main fuel in large-scale facilities equipped
with proper flue gas cleaning; in other combustion applications,
it must be mixed into other fuels at low concentrations.

4.3. Particle Emissions. Fine-mode particles from fluidized-
bed combustion of RM contain mainly K2SO4. Adding RM to
bark seems to prevent the formation of KCl, which reduces the
risks of corrosion. The reason is a combination of the high sulfur
and phosphorus content in RM (as discussed in section 4.2).
The coarse mode, less often a cause of operational problems,
contains more phosphates but also more calcium and magne-
sium, which tend to increase the melting temperature. Although
the total particle emissions were roughly twice as high for RM

Table 10. Fraction (%wt) of Fuel Ash That Formed Slag during
Combustion in the Pellet Burner

fraction of fuel ash that formed slag (wt %)

bark 47
10% RM in bark 21
30% RM in bark 31
RM pellets 22

Table 11. Resulting Initial Defluidization Temperatures for the
Fuel Used15

temperature of initial defluidization (°C)

bark >1015
10% RM in bark 965
30% RM in bark 930
RM pellets 1020

Table 12. Fuel Properties of RM Compared to Other Biomass Fuels13

fuel
moisture

content (%wt) ash (%wt ds) S (%wt ds) Cl (%wt ds)
calorific heating

value (MJ/kg) (dry basis)
bulk density

(kg/m3)

wood (dust, chips, and powder) 8-60 0.4-0.6 0-0.3 0-0.05 16-18 200-350
wood (pellets and briquettes) 9-10 0.4-0.8 0-0.3 0-0.05 19-21 550-700
forestry residue 35-55 1-5 0.02-0.05 0.02-0.05 19-21 200-350
wood waste 3-50 3-16 0.04-0.3 0.04-0.2 20-24 200-350
salix 25-50 1-5 0.005-0.03 0.01-0.1 16-20 200-350
bark 21-65 2-6 0-0.1 0-0.02 20-25 300-550
hardwood 20-40 0.3-1.7 0.01-0.04 0.005-0.06 19-21 440-580
straw 10-20 4-10 0.05-0.2 0.05-1.5 18-20 low
reed canary grass 10-15 3-7 0.05-0.2 0.1-0.2 17-20 200-300
hemp 15-75 1.6-6.3 0.03-0.07 0.04-0.1 19 low
grain 14 2-4 0-0.5 0.02-2.3 17-22 250-390
crop residues 12 10 0.2 0.2 20 high
olive residues 0-21 0.4-16 0.01-0.3 0-0.4 19-25 high
cocoa beans and shells 7 5 0.3 0.02 30 455
citrus pulp 8-10 4-7 0.2 0.02 21 600
shea nuts 3.3-7.6 6-7 0.3 0.1 23 700
sewage sludge 53-77 35-50 0.2-5 0.05-1.5 15-24 low
waste, forest industry 41-84 2-60 0.1-2.4 0.01-0.3 17-23 low
manure 4-92 15-42 0.3-1.1 0.6-2.4 19-21
paper-wood-plastics 10-55 5-13 0.07-0.5 0.01-1.5 18-31 low
tyres, processed 0.6-4.3 5-26 1.3-3.3 0.06-0.9 36-43 high
waste leather 54 2.5 2.6 1.2 19
recycled carton 42-64 10-27 0.03-0.2 0.07-0.6 12-20 low
meat and bone meal 7 30 0.7 0.5 23 high
animal fat 0.1-0.6 0.1 0.02 0 39
vegetable fat 0-1.2 0-0.1 0 0 39
tall oil pitch 0.1-0.3 0.2-0.4 0.2-0.3 0 40
peat 38-58 2-9 0.1-0.5 0-0.1 19-27 300
peat (briquettes/pellets) 10-15 2-8 0.25 20-27
RM (present study) 6.2-11.8 7.41 ( 0.29 0.67-0.91 0.02-0.05 219.48 ( 0.30 530
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pellets compared to bark pellets, they do not have a composition
likely to cause serious problems.

For grate combustion, the total particle emissions were ap-
proximately doubled with RM pellet combustion, compared to bark
pellet combustion. This is not surprising, considering that the
potassium content in RM is a factor of 5 higher. Although particles
from grate combustion contained potassium sulfate as well as
potassium chloride, the elementary composition indicated that the
formation of potassium chloride was limited, making serious
deposition and corrosion problems less likely.

Particle emissions from powder-burner combustion of RM
were 17 times higher than from wood powder combustion. The
fine-mode particles from the powder burners contained high
concentrations of potassium and phosphorus, with the latter
probably as phosphates. Because of the relatively low gas
velocities in the small-scale burner compared to commercial
burners, coarser particles may have been deposited in the furnace
or boiler that would otherwise have followed the flue gas.

Because phosphates were not detected by XRD, they must have
been in an amorphous phase, indicating previous melting.

4.4. Slag Formation. Slag formation from grate combustion
of bark pellets was reduced considerably when RM was added,
and the resulting fuels did not have severe slagging properties
compared to woody fuels (see Figure 5). However, the bark
pellets used may be contaminated with sand, as indicated by
the fuel analysis. Sand contamination of bark is common and
known to influence slagging behavior.17 For hemp, wheat straw,
and bark, the ratios between slag formation and ash content
were higher than for the pellets with RM tested in this study.
For reed canary grass, the ratio was comparable, and for salix
and sawdust, it was lower.18 The slags contained mixed phos-
phates of potassium, calcium, and magnesium. Probably, melted
potassium phosphates were formed initially and, thereafter, trans-
formed to other phosphates as CaO and MgO were dissolved,
raising the melting temperature to well above 1000 °C.

4.5. Bed Agglomeration. In comparison to other fuels, bed
agglomeration tendencies for the mixtures of bark and RM must
be considered moderate. The tendency for bed agglomeration

(16) Boman, C.; Öhman, M.; Nordin, A. Energy Fuels 2006, 20, 993–
1000.

Figure 4. Comparison of the ash composition of RM (as received) with other fuel samples.

Figure 5. Comparison of slag formation tendency in grate combustion for the pelletized fuels used in this study (dark) and some other biomass
fuels combusted in similar conditions in a previous study (white).19
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combusting RM is significantly lower compared to many other
agricultural-based fuels (see Table 13). Thus, RM could be an
attractive fuel from a bed agglomeration point of view. For
further discussion on this issue, see Boström et al.15

4.6. Deposit Formation. For fluidized-bed combustion and
grate combustion, the fine-mode particles from RM combustion
mainly contain sulfates of potassium, and therefore, the risk of
problems caused by deposit formation should be moderate. It
is known from previous work that sulfur addition reduces
harmful deposit formations.21 It is also known that the partially
molten particles are most likely to stick to cool surfaces and
that the presence of chlorine increases the risk of corrosion. It
is therefore an advantage that the chlorine concentration in
particles is reduced when RM is added to the fuel.

The fine particles from powder combustion of RM contain
mainly potassium and phosphorus (as reported in section 3.3).
The absence of crystalline potassium phosphate indicates that
the material had been molten. The high fuel particle temperatures
typical of powder combustion probably cause evaporation of
potassium and phosphorus from the initially potassium-phosphate-
rich melt formed (as discussed in section 3.3). This is consistent
with the high SO2 concentrations for combustion of RM powder.
Potassium phosphates have low melting temperatures and are
known to cause deposits. Their abundance in the fine particles
is a reason not to use pure RM as a fuel for powder combustors.

4.7. Possible Applications of RM. The market potential for
RM as a fuel is difficult to predict. For instance, the price in
Sweden doubled from 2007, from about 1000 SEK/ton (about
200 SEK MW-1 h-1) to 2500 SEK/ton in January 2009 (about
500 SEK MW-1 h-1).22 The price of RM interacts with the prices
of grain and other animal feed (raw materials rich in protein and
oil, such as soybean, palm, and sunflower oils) through both
competition on the market and competitive land use.

Particle emissions from the combustion tests increased 2-4
times with RM compared to typical wood fuels. The high
particle content in the flue gas is a reason for avoiding use in
small-scale facilities with only multicyclones for dust cleaning.
In smaller facilities, the material may be used in small amounts
mixed with other fuels.

The risk of slagging is not very high and should not rule out
grate combustion with RM mixed with other fuels. The risk of

corrosion of superheater surfaces during combustion is probably
low because the smaller size particles formed at fluidized-bed
combustion and grate combustion contain K2SO4. However,
powder combustion of RM generates large amounts of particles,
which probably contain mainly low-temperature melting K-
phosphates, making the risk for deposit formation significant.
Powder combustion of RM for powder-burner applications
should therefore be used with care.

The rather high emissions of NO and SO2 are another reason
that the material should be used in large- rather than small-scale
facilities because external SOx and NOx cleaning will be required.

5. Conclusions

Fuel properties of RM have been determined for samples from
several European biodiesel producers.

Volatile fraction (74 ( 0.06%wt ds) is comparable to wood; the
moisture content (6.2-11.8%wt) is low; and the ash content (7.41
( 0.286%wt ds) is high compared to most other biomass fuels.

The lower heating value is 18.2 ( 0.3 MJ/kg (dry basis).
In comparison to agricultural fuels (e.g., straw, reed canary
grass, hemp, and crop residues), the chlorine content is low
(0.02-0.05%wt ds). In comparison to almost all other biomass
fuels, the sulfur content is high (0.67-0.74%wt ds). RM has
high contents of nitrogen (5.0-6.4%wt ds), phosphorus (1.12-
1.23%wt ds), and potassium (1.2-1.4%wt ds).

To determine fuel-specific combustion properties, RM and
mixes between RM and bark (10 and 30%wt of RM) were
pelletized and combusted in a bubbling fluidized-bed combustor
(5 kW) and a grate combustor (20 kW). Pure RM powder was
also combusted in a powder burner (150 kW).

The emissions of NO and SO2 were high in all combustion
tests with RM, thereby suggesting that this fuel shall be used
in appliances equipped with external flue gas cleaning.

Temperatures for initial bed agglomeration in the fluidized-
bed tests were high for RM compared to many other agricultural
fuels, thereby indicating that RM could be an attractive fuel
from a bed agglomeration point of view. The results of grate
combustion suggest that slagging is not likely to be severe for
RM, pure or mixed with other fuels.

Fine-mode particles from fluidized-bed combustion and grate
combustion mainly contained sulfates of potassium, suggesting
that the risk of problems caused by deposit formation should
be moderate. The chlorine concentration of the particles was
reduced when RM was added to bark, potentially lowering the
risk of high-temperature corrosion.

Particle emissions from powder combustion of RM were 17
times higher than for wood powder, and the fine-mode particle
fraction contained mainly K-phosphates known to cause de-
posits, suggesting that powder combustion of RM should be
used with caution.

A possible use of RM is as a sulfur-containing additive to
biomass fuels rich in Cl and K for avoiding ash-related
operational problems in fluidized beds and grate combustors
originating from high KCl concentrations in the flue gases.
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(18) Öhman, M.; Boman, C.; Hedman, H.; Nordin, A.; Boström, D.
Biomass Bioenergy 2004, 27 (6), 585–596.
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Table 13. Temperatures of Initial Defluidization for the Fuels
Tested and Eight Other Biomass Fuels

temperature of initial defluidization (°C)

bark >1015
10% RM in bark 965
30% RM in bark 930
RM pellets 1020
wheat straw 75019

salix 90019

logging residues 96019

olive stone 93020

peat >102020

RDF 99020

bagasse 99520

alfalfa 67020
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Abstract 
To replace fossil transport fuels, expanded bioethanol production is an option. From wheat-based ethanol production 
(common in Europe), about 30%wt of the grain mass is converted into dried distillers grains with solubles (wheat DDGS), 
currently used as livestock feed. Further production increases may saturate this market, and fuel uses are therefore 
considered. Fuel properties of wheat distiller's dried grain with solubles (wheat DDGS) have been determined. The volatile 
fraction of 77.6%wt d.s. is comparable to wood, the moisture content (9.7 %wt ± 2.2 %wt) is sufficient for combustion without 
further drying. The ash content (5.4.±1.6%wt d.s.) is higher than for most forest fuels and in the same range as for many 
agricultural fuels. The calorific heating value is 20.6 MJ/kg (dry basis). Compared to agricultural fuels (e.g. straw, reed 
canary grass, hemp, crop residues) the chlorine content (0.22 %wt ds) is in the same range as for many other agricultural fuels.  
Compared to almost all other biomass fuels the sulfur content is high (0.538± 0.232%wt d.s). DDGS has high contents of 
nitrogen (5.1 %wt ds ± 0.6), phosphorus (0.960%wt ds ± 0.073 % wt ds) and potassium (1.30%wt ds ± 0.35). To determine fuel-
specific combustion properties, wheat DDGS and mixes between wheat DDGS and logging residues (LR 60 %wt and DDGS 
40 %wt), and wheat straw (wheat straw 50%wt, DDGS 50 %wt) were pelletized and combusted in a bubbling fluidized bed 
combustor (5 kW) and in a pellets burner combustor (20 kW). Pure wheat DDGS powder was also combusted in a powder 
burner (150 kW). The emissions of NO and SO2 were high during combustion of wheat DDGS, pure and in mixtures, and it 
is therefore suggested that it should be used in appliances with flue gas cleaning. The HCl emissions were also relatively high 
in fluidized bed combustion of DDGS. Wheat DDGS had a high bed agglomeration and slagging tendency compared to other 
biomass fuels. The best use may therefore be to mix it with other fuels, preferably with high Ca and Mg contents, so that the 
only a minor fraction of the total ash-forming elements is contributed by the wheat DDGS. Combustion and co-combustion 
of wheat DDGS in the fluidized bed and the pellets burner generally resulted in relatively large emissions of fine particles (< 
1 μm). The Cl concentrations of the particles were reduced when wheat DDGS were added to logging residues and wheat 
straw in fluidized bed combustion. In the pellet burner experiment the Cl- and P-concentrations in the fine particles were 
considerably higher in the DDGS mixtures in comparison to during fluidized bed combustion. Particle emissions from 
powder combustion of wheat DDGS were sixteen times higher than for soft wood stem wood powder and the fine mode 
particle fraction contained mainly K-phosphates known to have low melting temperatures, suggesting that powder 
combustion of wheat DDGS should be used with caution.  
 
 
1. Introduction 
In the ongoing transition of the global energy system to renewable fuels, biofuels are becoming increasingly important.  One 
such fuel is ethanol, with a worldwide annual production of 38.2 million cubic metres in 2006 (216 TWh), a substantial 
quantity but modest compared to the annual energy use within the transport sector of more than 10 000 TWh, 95 percent of 
which is fossil.1  Apart from sugars, directly fermentable to ethanol, the main source of ethanol is currently starch from corn 
(maize) and wheat. Wheat grain is the most common feedstock for ethanol in the EU, with 39 percent of the production in 
2007.2 Only about 50 percent of the energy in the wheat grain can be converted into ethanol. A dried solid waste material, 
making up about 30 %wt ar of the grain feedstock, is mainly used as a source of protein and energy for ruminants. Further 
increases to replace a more substantial fraction of the world's transport fuel use may saturate this market, and fuel uses may 
therefore be considered. It has been estimated that the Swedish market for ruminant feed can be supplied with by-products 
from the production of 2-3 TWh of grain-based ethanol (about 5 percent of current gasoline use), and for any further 
production, other uses like combustion or biogas production through anaerobic digestion will be needed. 3  
 
For ethanol production from wheat grain the grains are ground to meal, which is mixed with water and enzymes. The starch, 
(60%wt ds) is hydrolyzed to sugars. Yeast is added, fermenting the sugars into ethanol at a theoretical yield of 51 %wt. The 
ethanol is separated from the slurry through distillation. The solid material in the ethanol-free slurry (whole stillage) is 
separated through centrifugation from the liquid (thin stillage), which is filtered and concentrated through evaporation of 
moisture. After remixing and drying the resulting distillers' dried grains with solubles (DDGS) are pelletized. The amount of 
DDGS produced is roughly equivalent to about 30 %wt ar  of the wheat grain feedstock.4, 5 Distillers' byproducts are mainly 
used as protein and energy sources for ruminants.  
 
It is recognized that the energy use of grain cultivation and ethanol production affects the net environmental benefits of 
replacing gasoline and diesel with ethanol. To increase the overall life cycle efficiency, the use of ethanol plants as base heat 
loads for combined-heat and power production is recommended by the US Environmental Protection Agency (EPA).6 As 
expanded ethanol production has increased the production of DDGS, prices have fallen in the US, and combustion of the 
material has therefore been considered. The use of corn-based DDGS for process heat production has been studied by Morey 
et al.7 Concentrated wet stillage from corn is combusted in a fluidized-bed combustor in at least one dry-grind ethanol plant.  
Thermal gasification experiments with wheat DDGS have been performed by Tavasoli et al8 , in a fixed-bed microreactor. 



    

Removal of fibres from corn-based DDGS has been attempted experimentally. The purpose is to obtain a product with higher 
nutritional value, and which is more digestible for pigs and poultry. The removed fibres, about 12 percent of the mass, would 
have considerably different fuel properties.9 Biogas production through anaerobic digestion has also been used.10  Thus, only 
a limited number of studies have previously been published on combustion and gasification of DDGS and of these only  
Tavasoli's study concerns wheat DDGS. There are no studies known to the authors about ash transformations in combustion 
of wheat DDGS. 
 
The general objective of this work is to determine the combustion properties of pure wheat based DDGS and of DDGS mixed 
with conventional biomass fuels.  
More specifically, the objectives include:  

- Characterization of combustion-relevant material properties, i.e. contents of moisture, volatile matter and ash, 
heating value, elemental composition, contents of main ash-forming elements and trace elements,  feeding 
properties and devolatilization kinetics and their variation for wheat DDGS.  

- Determination of the fuel-specific combustion properties for powder combustion, grate combustion and 
fluidized bed combustion, i.e. gaseous emissions (NO, SO2 and HCl) and particle emissions (total particle 
matter, size distribution, composition),  potential risks of ash-related operational problems (slagging, deposit 
formation and bed agglomeration); 

- Identification of suitable uses of wheat based DDGS in mixes with other biomass fuels or as additives to other 
fuels.  

 
2. Method 
2.1. Characterization of fuel properties of wheat based DDGS.  
The ETDE11 and the Web of Science databases were searched for data (fuel- and feed analyses) on wheat DDGS. No fuel 
analyses were found, except the work by Tavasoli et al, which did not include concentrations of ash-forming elements. 
Several feed analyses were however found. In addition, an ethanol producer in northern Europe provided feed analyses  
(including 14 analyses of moisture content, 7 analyses of ash P, K, Ca, Mg and Na and 4 analyses of As, Cd, Hg and Pb)  
.From these analyses the ranges of variation in fuel-/feed analyses properties were determined.  
 
2.2. Fuel used for combustion tests.  Based on the results of the analyses a relatively typical wheat DDGS sample (dried and 
pelletized) was selected for the present study. It was derived from an ethanol producer in the Northern Europe. The sample 
were analyzed for moisture content (SS-1871 70), volatile content (ISO-562), ash content (SS-18 71 71), lower heating value 
(SS-ISO 1928), elementary composition (C, H, O, N), sulfur content (SS-18 71 77) and chlorine content (SS-18 71 54). 
Contents of main ash-forming elements (including Si, K, Na, Ca, Fe, Mg, Al, P and Mn) were determined using inductively-
coupled plasma-atomic emission spectroscopy (ICP-AES). Contents of trace elements were determined (As, Cd, Co, Cu, Hg, 
Ni, Pb, B, Sb and Se using ICP-AES and Ba, Cr, Mo, Nb, Sc, V, W, Y, Zn and Zr using inductively-coupled plasma mass 
spectroscopy (ICP-MS).  
 
Handling and feeding of biomass fuels may be problematic. To determine the risk of DDGS powder forming bridges, a test 
designed by Paulrud et al was used.12 The bridging tendency of powder was tested using vertical funnels of different opening 
sizes. Two liters of the material were placed in a funnel, resting on a horizontal bottom plate which was instantaneously 
removed. As a result the fuel either gravitated through the funnel opening, or formed an obstructing bridge which blocked the 
flow. The outcome was recorded for each funnel size (with diameters of 60, 74, 79 and 84 mm) with five repetitions to 
reduce the influence of inhomogeneous fuel and random disturbances (interrupted flow for a single repetition was interpreted 
as bridging for the opening size used). Thermo-Gravimetric Analysis (TGA) of DDGS was performed to compare the 
devolatilization rate with the one of typical softwood stem wood powder.13 A heating rate of  20 ºC per minute was used. The 
purge gas was nitrogen (100 ml/min). The sample mass used was 14 mg for wheat DDGS and 5-6 mg for wood. 
 
In two of the three combustion experiment series with a fluidized bed and an underfed pellet burner, respectively, pelletized 
fuel was used. In the third, pulverized DDGS fuel was used, with softwood stem wood powder used for comparison. Pellets 
(8 mm diam.) of wheat DDGS as received were used for the combustion tests. In addition, tests were made with pelletized (8 
mm diam.) mixtures of DDGS and two other biomass fuels. These were logging residues (LR) and wheat straw. DDGS was 
mixed with LR at 40 %wt ds and with wheat straw at 50 %wt ds For the combustion experiment with DDGS pellets in the 
underfed pellet burner, combustion could not be sustained due to severe slag formation, and therefore a mixture of DDGS 
pellets and 50 %wt ar of wood pellets was used (the DDGS contributing to 90 percent of the ash content of the mix).  
 
For the powder combustion tests, ground DDGS pellets were used. Sieving showed that the resulting DDGS powder was 
slightly finer than wood powder, with particles with diameters below about 260 µm making up 50 percent of the mass. The 
composition of the raw materials used (before pelletization) and of the fuels used in the combustion experiments is shown in 
tables 1-2 and 3, respectively.  
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Table 1. Proximate analysis of the raw material used. 

 DDGS Logging 
residues 

Wheat 
straw 

Moisture content, %wt a.r. 11 10 12 
Volatile content, %wt. d.s  77.6 n.a. n.a. 
Ash content, %wt. d.s 4.4 2.4 5.7 
HHV, MJ/kg %wt. d.s 20.6 20.7 18.5 
LHV, MJ/kg %wt. d.s 19.2 n.a. n.a. 
    
 
Table 2. Ultimate analysis and concentrations of main ash-forming elements in the used raw materials (values represent 
weight percent of dry substance).  
 DDGS Logging 

residues 
Wheat 
straw 

C 48 51.2 46.2 
H 6.9 5.8 5.6 
N 5.9 0.4 0.9 
O 33.5 40.4 40.7 
Cl 0.22 0.01 0.26 
S 1.03 0.04 0.19 
Si 0.10 0.29 0.8 
Al 0.00127 0.0036 0.006 
Ca 0.109 0.5 0.4 
Fe 0.0102 0.024 0.005 
K 1.05 0.17 1.25 
Mg 0.278 0.06 0.1 
Na 0.0987 0.014 0.03 
P 0.825 0.046 0.13 
 
Table 3. Properties of the fuels used in combustion tests. Values represent weight percent of dry substance unless otherwise 
stated.  
 DDGS 

pellets/powder 
Logging 
residues pellets 

Wheat straw 
pellets 

Logging 
residues-DDGS 
pellets 

Wheat straw-
DDGS  
pellets 

Moisture content %wt a.r 11 10 12 10 10 
Ash content. %wt d.s. 4.4 2.4 5.7 3.2 5.1 
C 48.0 51.2 46.2 49.3 47.1 
H 6.9 5.8 5.6 6.46 6.25 
N 5.9 0.4 0.9 3.7 3.4 
O 33.5 40.4 40.7 36.3 37.1 
Cl 0.22 0.01 0.26 0.136 0.240 
S 1.03 0.04 0.19 0.634 0.610 
Si 0.100 0.29 0.8 0.176 0.450 
Al 0.00127 0.036 0.006 0.0152 0.0036 
Ca 0.109 0.5 0.4 0.266 0.255 
Fe 0.010 0.024 0.005 0.0157 0.00761 
K 1.05 0.17 1.25 0.701 1.15 
Mg 0.278 0.06 0.1 0.191 0.189 
Na 0.0987 0.014 0.03 0.115 0.0643 
P 0.825 0.046 0.13 0.513 0.477 
 
 
2.3. Combustion tests in a fluidized bed. Each of the pelletized fuels was combusted in a bench-scale fluidized bubbling 
bed (5 kW). The bed material consisted of quartz sand (at least 98 %wt SiO2) with diameters between 200 and 250 µm. All 
fuels were first combusted at a bed temperature of 800 oC for 8 hours (corresponding to a total amount of 5 kg 
fuel/experiment) or until bed defluidization occurred. During combustion of DDGS and wheat straw-DDGS bed 
defluidization occurred after 2 hours and 1 hour, respectively. For fuels containing wheat straw, a bed temperature of 730 ºC 
instead of 800 ºC was used. The temperature in the freeboard was 800±15 oC. The temperatures were controlled via 
individual regulation of the wall heating sections. During combustion the oxygen content in the dry gas was 8-10 percent and 
the CO concentration was below 100 ppm. The fluidizing velocity was 1 m/s, corresponding to ten times the minimum 
fluidizing velocity. Bed agglomeration tendencies of the fuels were quantified using a method developed and evaluated by 
Öhman and Nordin.14 The temperature for initial bed agglomeration can usually be determined with an accuracy of {±} 5 ºC 
at 900 ºC.14 After the combustion had been completed, the bed temperature was raised at a constant rate of 3 K per minute by 
heating of the primary air and of the bed section walls. To keep the temperature uniform, a propane precombustor was used to 
provide realistic gas composition. Four bed temperatures and four differential pressures were recorded and analyzed to detect 
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initial bed agglomeration. After each experiment, all bed material/agglomerates were collected for further chemical analysis.  
During the combustion period, flue gas of about 200 ºC was sampled after the cyclone (cut-off size 10 µm) and 
concentrations of O2, CO and NO were continuously measured using a Testo XL 350 gas analyzer (electrochemical sensors). 
The SO2 and HCl content of sampled flue gas was captured in a 0.3 percent hydrogen peroxide solution and sulfur was 
quantified by inductively-coupled plasma-atomic emission spectroscopy (ICP-AES) and chlorine by DIN EN ISO 10304-1, 
with the results recalculated to SO2 and HCl, respectively.  
 
Total particulate matter (PMtot) mass concentrations were measured through isokinetic sampling from the flue gas at about 
160 ºC using conventional equipment with quartz fiber filters. The PM mass size distribution was determined in a 13-stage 
low-pressure cascade impactor (LPI) from Dekati Ltd, which separates particles according to their aerodynamic diameter in 
the interval of 0.03-10 µm. The impactor was heated to around 120 oC during the sampling. Aluminium foils (not greased) 
were used as substrates in the impactor. 
 
An air-cooled deposition probe with test rings of stainless steel, simulating super heater tube surfaces, was used to collect 
deposits in the freeboard. The metal temperature of the steel rings was measured by thermocouples and regulators controlled 
the flow of cooling air on the inside of the test ring. During all experiments, the ring surface temperature was set to 450 °C 
and the exposure (sampling) time was 6 h. The temperature around the deposition probe was 750 ºC at all tests.  The 
residence time of the flue gas from the bed section to the deposit sampling point was about 12 s. Particles for PMtot and 
impactor measurement were collected at a lower temperature, at a distance further downstream corresponding to a difference 
in residence time of 1 s at most.  
 
2.4. Combustion experiments in an underfed pellet burner. An underfed residential pellet combustor was used to simulate 
conditions in a large-scale grate combustor. For the combustion tests, a typical underfed pellet burner (Eco-Tech A3, 20 kW), 
was selected. The burner was installed in a reference boiler (Combi fire) used for the national certification test of residential 
pellet burners in Sweden.  For combustion of LR, LR-DDGS and DDGS/wood pellets, the experiments lasted approximately 
24 h with continuous operation at a constant fuel power of 12 kW. For the wheat straw and the wheat straw-DDGS mixtures, 
initial slagging occurred approximately 20 minutes from the start of the experiments and they were terminated due to severe 
slagging after 4h and 4h 20 minutes, respectively.  
 
Three thermocouples of type N were situated on different levels above the burner grate. By continuous measurements during 
the experiments, the maximum combustion temperature in the region where the slag was formed, i.e. on the burner grate, was 
estimated to be about 1 200-1 250 ºC. For wheat straw and wheat straw-DDGS the temperature may have been lowered 
during the later part of the experiment due to slagging, otherwise these temperatures did not vary for the different fuels used. 
Excess air flow was set to a level corresponding to 9-10 percent O2 in the dried flue gas for all tests. The flue gas CO 
concentration was on  average below 500 ppm in all experiments, but due to slagging there were periods with higher CO 
concentrations. The procedure for analysis of flue gas composition, flue gas particulate matter content and size distribution of 
the particles, was similar to the other combustion tests (described in the previous section) except that the flue gas temperature 
was 150 ºC. For the DDGS/wood pellets fuel mixture, the flue gas composition, flue gas particle matter content and size 
distribution of the particles were not analyzed because of the potential influence of the inhomogeneous fuel composition.  
 
The residual matter after full conversion of fuel pellets in an underfed pellet burner was distributed between:  

- molten ash (slag) deposited in the burner or pushed over the burner grate edge down to the bottom of the boiler 
- non-molten ash at the bottom of the boiler (bottom ash) and  
- fly ash. 

All molten particles greater than 3 mm were removed from the bottom ash by sieving and characterized as slag. The amount 
of deposited matter in the burner as well as in the boiler (i.e. bottom ash and slag) was quantified after each experiment and 
the products were collected for analysis, described in section 2.6.  
 
2.5. Combustion tests in a powder burner.  Combustion of wheat DDGS was tested in a 150 kW VTS swirling powder 
burner with three sets of air vanes with separate flow control. A reference test with commercial wood powder was done for 
comparison The outer diameter of the burner was 130 mm. Fuel was transported pneumatically along the axis of the burner, 
with three annular sets of swirl vanes. The average fuel flow was 21 kg per hour and the air flow was adjusted for an oxygen 
concentration of 3.5 to 4 percent in the dried flue gas. The respective airflows as percentage of total flow were transport air 
(10 percent), primary air (20 percent), secondary air (30 percent) and tertiary air (40 percent). The internal cross-section of 
the furnace was 550 times 550 mm, and its inner length was 3 100 mm.  The measured furnace temperature was 1 100 ºC (T1 
and T2) which was lowered to 950 ºC at the end of the furnace (T4). The locations of the thermocouples used are shown in 
figure 1. Oil was used to heat up the combustion chamber. At a temperature of 900 to 950 ºC the oil flow was cut off and the 
powder feeding was started.   
 
The procedure for analysis of flue gas composition, flue gas particulate matter content and size distribution of the particles, 
was similar to the previous combustion tests (described in section 2.3). An air-cooled deposition probe, similar to the one 
used for the fluidized bed tests was mounted at the end of the combustion chamber (position shown in figure 1).  Again, the 
ring surface temperature was set at50 ºC, and the exposure time was 6 h. After the end of the powder burner tests, ash from 
the burner and ash from the om of the furnace and ash from the boiler were collected for further analysis.  
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Figure 1. Schematic view of the powder combustor used. 
  
2.6. Analysis of bed material, -agglomerates, slags, bottom ashes and particles. Bed material and agglomerates from the 
fluidized bed, slags/bottom ashes from the underfed pellet burner, slags/bottom ashes from the powder combustor and the 
downstream boiler were studied with analysis methods described below. Also, particles collected in all impactor tests and 
deposits on all tests rings were also zed. Morphologies were studied with scanning electron microscopy (SEM) and elemental 
compositions analyzed using EDS (energy-dispersive X-ray analysis) spot- and area analyses (100x100 µm). For all 
combustion tests, fine-mode fly-ash particles from impactor plates 4, 5 and occasionally 6, with geometric mean diameters 
(GMD) of 0.19, 0.32 and 0.52 µm respectively, were analyzed with SEM/EDS. For the fluidized bed tests, the coarse 
particles collected on impactor plates 10 (GMD 3.3 µm) and in some instances plate 12 (GMD 8.7 µm) were also analyzed by 
the same method. 
 
Bed samples and agglomerates from the fluidized bed were mounted in epoxy, cut, polished and analyzed with SEM/EDS to 
determine their morphology and elemental composition. From the deposit probes, lee- and wind-side deposits were analyzed 
with SEM/EDS. Slag and bottom ashes from the grate combustion and from the powder combustion were also analyzed using 
SEM/EDS. Qualitative measurements of crystalline phases in slag and bottom ash from the grate combustor tests and bottom 
ash from the powder burner were made using X-Ray Diffraction (XRD).  XRD was also used for the fine-mode and coarse-
mode particles from the fluidized bed tests and the powder burner tests, with the same impactor stages selected as previously. 
Finally, lee-and wind side materials from the deposition probes used in the fluidized bed tests and powder burner tests were 
studied with XRD.  
 
3 Results 
3.1. Characterization of fuel properties.  The literature data and the analysis of the samples used for the experiments show 
that the moisture content of wheat DDGS is 6.2-14 %wt (with an average of 9.7 %wt and a stdev of 2.2 %wt).15, , , 16 17 18 The 
ash content varies from 3.6-8.4 %wt d.s. (av. 5.4 and stdev of 1.6 %wt d.s). 4, ,  ,  15 17 19 18  As feed analysis usually concerns protein, 
fat and other nutrients, elementary distributions are usually not reported. Tavasoli reported a distribution among C, H, O and 
N of 45.1 %wt d.s, 7.0 %wt d.s, 42.5 %wt d.s and 5.1 %wt d.s, respectively. This may be compared to the values obtained from the 
analysis of the experimental sample which were 48.0 %wt d.s, 6.9 %wt d.s, 33.5 %wt d.s and 5.9 %wt d.s. The sample used for 
experiments had a volatile content of 77.6 % wt d.s and a calorific heating value of 20.6 MJ/kg d.s, and no data for these 
properties were found in other sources.  
 
For main elements and trace elements, the analyses of wheat DDGS (for the experimental sample, and from other sources) 
are summarized in tables 4-5. DDGS had high contents of nitrogen (5.5 %wt ds ± 0.6). Among the main ash-forming elements, 
the phosphorus content was high (0.960%wt ds ± 0.073), while the calcium content was relatively low (0.159±0.094). The 
potassium content of 1.30%wt ds ± 0.35 was also relatively high. The sulfur content was mostly high, with an average 0.538 
and a stdev of 0.232%wt d.s. The sulfur content reported by Tavasoli, 0.3%wt d.s, is far below the concentration in the 
experimental batch which was 1.03 %wt d.s

. and below all other data found. Magnesium and silicon were not mentioned in the 
feed analyses reported but were relatively low in the used sample in the experiments (0.278 and 0.100, respectively). The 
chlorine concentration in the batch used for the experiments was 0.22 %wt ds. The result of the trace element analysis of the 
batch used for the experiments is shown in table 5, showing that the used fuel had low concentrations of the analyzed trace 
elements and among them zinc and copper had the highest concentrations.  
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Table 4. Ultimate analyses and main ash-forming elements of wheat distillers dried grains with solubles (DDGS). Values 
represent weight percent of dry substance.  
 Min.value Mean value Max. value Standard deviation 
C 45.1 46.6 (n=2) 48.3 2.1 
H 6.9 6.95 (n=2) 7.00 0.1 
N 5.1 5.5 (n=2) 5.9 0.6 
O 33.5 38.0 (n=2) 42.5 6.3 
Cl 0.22 0.22 (n=1) 0.22  
S8, , 16 20 0.30 0.54 (n=8) 1.03 0.2 
Si 0.10 0.10 (n=1) 0.10  
Al 0.00127 0.00127 (n=1) 0.00127  
Ca15,  , , , 16 18 20 0.086 0.159 (n=15) 0.30 0.09 
Fe 0.011 0.011 (n=1) 0.011  
K18, 20  0.75 1.30 (n=9) 1.70 0.35 
Mg 0.230 0.277 (n=8) 0.290  
Na18, 20 0.030 0.120 (n=10) 0.230 0.10 
P 0.60 0.96 (n=16) 1.05 0.07 
 
Table 5. Trace elements in the batch of wheat distillers dried grains with solubles (DDGS) used for the combustion 
experiments. Values represent mg per kg fuel (d.s.) 
 mg/kg d.s. 
As <0.09 
Ba 5.94 
B n.a. 
Cd 0.116 
Co 0.0104 
Cr 0.555 
Cu 12.1 
Hg <0.01 
Mo 2.58 
Ni 0.501 
Pb 0.0580 
Sn <1 
Sr 4.95 
V 0.107 
Zn 68.2 
 
 
The feeding properties of DDGS according to the funnel test were good. DDGS passed through a 60 mm opening without 
any tendency to bridging, while wood powder has been reported to form bridges at this diameter.12 TGA measurements 
showed that the pyrolysis of DDGS has a characteristic temperature of 330 ºC. Devolatilization starts at about 135 ºC (at a 
lower temperature than for wood powder), and proceeds to a conversion of about 67 % of the dry matter.  
 
3.2. Gaseous emissions. The NO concentrations were generally high for combustion experiments of DDGS and DDGS-
mixtures compared to LR, wheat straw and wood, reflecting the high nitrogen concentration in the fuel (see table 6).  
 
Table 6. NO emissions (average values from the experiments given in mg/Nm3 at 10 % O2 concentration in dry flue gas).  
  Fluidized bed Grate combustion Powder burner 

 
Logging residues 340 

 
350  

Wheat straw 340 
 

450  

DDGS 710 
 

  

Logging residues -
DDGS  

420 
 
 

700 
 
 

 

Pellets 

Wheat straw -DDGS  
480 

 
340* 

 

 

Wood   60 Powder 
DDGS   720 

*The combustion temperature may have been lowered due to slagging, which may have influenced the results.  
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Emissions of SO2 from fluidized combustion of DDGS were very high compared to the co-combustion fuels. The emissions 
from LR-DDGS- and wheat straw-DDGS mixtures were lower although still more than a factor of hundred higher than the 
emissions from LR and wheat straw combustion. Grate combustion of the LR-DDGS mixture produced emissions which 
were two orders of magnitude higher than from LR combustion. Emissions from grate combustion of the wheat straw-DDGS 
mixture were a factor of six higher than from grate combustion of pure wheat straw. Fluidized-bed combustion of DDGS 
converts more than 45 percent of the sulfur content of the fuel into SO2, while for the LR-DDGS- and wheat straw-DDGS-
mixtures, only about 40 and 30 percent, respectively, are converted. For grate combustion of LR-DDGS, about 50 percent of 
the sulfur is converted into SO2, for wheat straw-DDGS the conversion is closer to 40 percent. For powder combustion, a 
fraction of about 80 percent of the sulfur resulted in emitted SO2. The SO2 emissions from the experiments are shown in table 
7.  
 
Table 7. SO2 emissions (average values from the experiments given in mg/Nm3 at 10% O2 concentration in dry flue gas) 
  Fluidized bed Grate combustion Powder burner 

 
Logging residues <2 

 
<2  

Wheat straw <2 
 

80  

DDGS 
 

970 
 

 

Logging residues -
DDGS 
 

340 
 

470 
 

 

Pellets 

Wheat straw -DDGS 
  340 480 

 

Wood 
 

  <2 Powder 

DDGS 
 

  1 600 

 
 
For fluidized-bed combustion, the HCl emissions from DDGS (120 mg/Nm3 at 10% O2 concentration in dry flue gases) were 
more than twice as large as the emissions from wheat straw. The mixed fuels (LR-DDGS and wheat straw-DDGDS) had 
comparable HCl emissions to wheat straw but about 100 times higher than for LR combustion. For grate combustion, the HCl 
emissions from the LR-DDGS and the wheat straw-DDGS mixtures were lower compared to the fluidized bed (16 and 15, 
respectively), which is comparable to wheat straw combustion but three times as high as for LR combustion. From powder 
combustion of DDGS, the HCl emissions were below 3 mg/Nm3 at 10% O2 d.g.  
 
3.3. Particle emissions.  From fluidized-bed combustion, the total particle emissions from the mixture of LR-DDGS were 
slightly higher than for pure LR. The total particulate matter mass concentrations are shown in table 8. The particle mass size 
distribution (shown in figure 2) consisted mainly of fine-mode particles (aerodynamic diameters below than 1 µm) and for 
the co-combustion fuels LR and wheat straw and for the LR-DDGS mixture, there were also coarse-mode fractions 
(diameters above 1 µm). A comparison between the size distributions of the particles produced from fluidized-bed 
combustion of LR and of the LR-DDGS mixture shows that there is a large increase in the mass concentration of finer 
particles as DDGS is added to the fuel. The total particulate matter emissions from the fluidized-bed combustion of wheat 
straw-DDGS and pure DDGS were not analyzed due to fast defluidization in the experiment. In addition impactor sampling 
were not done fore the straw-DDGS experiment due to total defluidization within 1 hour. 
 
Grate combustion of the LR-DDGS mixture resulted in emissions of total particulate matter which were more than three 
times higher than from combustion of unblended LR.  Again, as the particle size distribution showed an increase in finer 
particles for combustion when DDGS was added to LR (although a superimposed peak around 0.1 µm which is probably 
caused by soot particles should be taken into account, the effect is still evident). Compared to grate combustion of wheat 
straw, combustion of the wheat straw-DDGS mixture leads to a slight reduction of fine mode particles as well as of the total 
particle emissions. No coarse mode fraction was present in the flue gas from the experiments in the pellets burner.  

 
For powder combustion, particle emissions for DDGS were 16 times higher than for wood, with a particularly large increase 
of the amount of fine-mode particles. Particles from powder combustion were mainly of sizes below 1 µm. The particle mass 
size distributions of the particles from the combustion tests are shown in figure 2.   

 
The fine-mode particles from fluidized-bed combustion of LR pellets consisted mainly of the elements K, Cl and S (apart 
from O and C). Adding DDGS results in particles with very low Cl concentrations, which mainly contain K and S.  For LR-
DDGS, XRD analysis showed that the fine-mode particles contained K2SO4, with some K3Na(SO4)2.  The fine-mode 
particles from pure DDGS also contained mainly potassium and sulfur, with K2SO4 detected with XRD. The coarse-mode 
particles from fluidized-bed combustion of LR are mainly composed of Ca, Si and K, on an oxygen and carbon-free basis 
with Ca3MgSi2O7, MgO, MgSiO3 and Ca5(PO4)OH as the major phases detected with XRD. The coarser particles from the 
LR-DDGS mixture are mainly composed of Ca, S, Si, P and K , with CaSO4 and CaMg(SiO3)2 as the only phases detected 
with XRD.  
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Table 8. Total particle matter mass concentration (mg/Nm3 at 10 % O2 concentration in dry flue gas) from fluidized-bed 
combustion.  
  Fluidized 

bed 
Grate 
combustion 

Powder 
burner 
 

LR 140 100  
Wheat straw 320 460  
LR-DDGS 
 

180 310  

Pellets 

Wheat 
straw-DDGS 

n.a.* 340  

Wood   50Powder 
DDGS   800 

*) not analyzed due to fast defluidization during the experiment.  
 
As no impactor measurements were made for the mixture of wheat straw and DDGS due to fast defluidization, SEM/EDS 
and XRD analyses were made of the larger particles separated in the cyclone from the wheat straw-DDGS flue gas, which 
consisted mainly of Si, K, P, Mg and S and with K2SO4 and CaK2P2O7 detected with XRD.   
 
Grate combustion of LR resulted in particles with an oxygen and carbon-free composition of K, S and Cl. The LR-DDGS 
mixture produced particles with nearly the same composition when combusted, except that a significant amount of P were 
present. Unlike fluidized-bed combustion, the Cl concentration was slightly increased. Wheat straw pellets combustion 
resulted in particles with mostly K, Cl and S. Addition of DDGS to the wheat straw will enhance the P concentrations and 
reduce the particle Cl concentrations, although the remaining Cl concentration is much higher than for fluidized-bed 
combustion of the same fuel. 
 
Both the fine- (< 1 μm) and the coarse (> 1 μm) mode particles from combustion of pulverized DDGS contained K, P, Cl, Na 
and S (apart from O and C). Phases identified using XRD were KPO3, KCl och (K,Na)2SO4 in both the fine- and coarse-mode 
particles. Particles from combustion of wood powder consisted mainly of K, S and Na.  
 
3.4. Bed agglomeration. DDGS and the mixture of wheat straw and DDGS had very high bed agglomeration tendencies. The 
mixture of LR and DDGS had a considerably lower bed agglomeration tendency than the DDGS fuel. The determined initial 
defluidization temperatures for the different fuels are listed in table 9.  
 
Quartz grains from DDGS combustion were covered with layers that were discontinuous but relatively thick and resembled 
spots of sticky residual as particles that also were found as individual ash particles in the bed. In the analyzed bed sample 
these bed particle layers frequently formed bonds between different quartz particles. The quartz grain layers from DDGS 
combustion consisted mostly of K, P and Si (apart from O).  During combustion of LR non-continuous layers were formed 
on the quartz bed particles. These layers consisted of a thicker inner bed particle layers with an elemental composition which 
mainly consisted of Si, Ca, K and Mg (apart from O) and a thinner outer layer. The bed particle layers  from the LR-DDGS 
mixture contained both an inner more continuous layer composed of Si, K and Mg (apart from O) and a more discontinuous 
outer layer more resembling spots of sticky individual ash particles that also were found in the bed. These outer bed particle 
layers were richer in P than the inner layer.   
 
The relatively thick but non-continuous layers formed on the bed particles from wheat straw-DDGS combustion were 
probably very adhesive, as shown by the angles between the layers (spots of individual sticky ash particles) and particle 
surfaces at the end of the grain. These layer were mainly composed of Si, K and P (apart from O).  During wheat straw 
combustion the bed layers also consisted of sticky residual ash particles that could also be found in the bed. These bed 
particle layers contained less P and more Ca compare to wheat straw-DDGS combustion. The composition of the bed particle 
layers in combustion of DDGS, wheat straw-DDGS and wheat straw as well as the inner bed particle layers in combustion of 
LR and LR-DDGS are shown in figure 3.  
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Figure 2. Particle mass size distribution in dry flue gases from fluidized bed combustion (upper), grate combustion (middle) 
and powder combustion (lower).     
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Table 9. Resulting initial de-fluidisation temperatures for the fuel used. 

 Temperature of initial defluidisation (oC) 
 

LR 960 ºC 
Wheat straw 750 ºC  
DDGS Defluidization during combustion at 800 ºC 

after 2 hours of experiment 
LR-DDGS 950 ºC 
Wheat straw-DDGS Defluidization during combustion at 730 ºC 

after 1 hour of experiment  
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Figure 3. Elemental composition (on an O- and C-free basis) of the bed particle layers formed upon combustion of DDGS, 
wheat straw-DDGS and wheat straw as well as of the inner bed particle layers in combustion of LR and LR-DDGS.    
 
3.5. Slag formation. The slagging tendencies of the combusted fuels, expressed as the fraction of in going amount of fuel ash 
that forms ash, is shown in table 10.  The DDGS pellets mixed with wood pellets and the wheat straw pellet had a relatively 
high slagging tendency. By mixing the DDGS with logging residues the slagging tendency was decreased but still moderate. 
The wheat straw-DDGS mixture had a slagging tendency which was slightly lower than that of the unblended wheat straw.  
 
The slag from combustion of DDGS pellets (mixed with wood pellets) contained, apart from O, mainly K, P and Mg and also 
some Na, Si and Ca. Phases detected with XRD from DDGS/wood combustion were CaK2P2O7, MgKPO4, MgK2P2O7 and 
CaKPO4. Slag from the LR-DDGS mixture contained (apart from O) mainly Si, P, K, and Ca with some Mg and Na. Phases 
detected with XRD in the slag from LR-DDGS were CaKPO4 , KMgPO4 and (Na, Ca)Al(Si, Al)3O8.  
 
The elements detected in slag from combustion of the wheat straw-DDGS-mixture were K, Si, P and smaller amounts of Mg, 
Na and Ca. Compared to the DDGS-wood pellets combustion, the mixture with wheat straw had higher concentrations of Si, 
and lower concentrations of P and Mg, while the K-, Ca- and Na-concentrations were roughly the same.  Phases detected 
with XRD in the slag from wheat straw-DDGS were CaKPO4 and KMgPO4. The slag produced during combustion of wheat 
straw contained mainly (apart from O) Si, K and Ca. In combustion of logging residues a slag rich in Ca, Si, K and Mg was 
produced. 
 
Table 10. Fraction (%wt) of fuel ash that formed slag during combustion in the underfed pellet burner.  

 Fraction of fuel ash that 
formed slag (wt-%)   
 

Logging residues (LR) 4 
Wheat straw 79 
DDGS-wood 60 
LR-DDGS 44 
Wheat straw-DDGS 45 
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Combustion of ground DDGS pellets in the powder combustor resulted in the formation of hard glass-like slag on the bottom 
of the furnace, and less hard slag on the burner cone. The slag from the furnace bottom and the burner cone contained (apart 
from O) mostly K, P, Na and Mg. Phases identified with XRD were KMgPO4, K2CaP2O7 and Mg3(PO4)2.   
 
3.6. Deposit formation. Deposits on the lee-side of the cooled probe from fluidized bed combustion of the LR-DDGS 
mixture contained mainly K and S (apart from O and C).  K2SO4 was detected with XRD, and so were smaller amounts of 
K3Na(SO4)2 , CaSO4,  Ca3Mg(SiO4)2 and CaK2P2O7. The the wind-side deposits from LR-DDGS combustion contained 
mainly Si, Ca and K (apart from C and O).  In the wind-side deposits from LR-DDGS, the most common phases detected 
with XRD were CaSO4, K2SO4 and K3Na(SO4)2. Compared to deposits from LR-combustion, the Cl-concentration in the lee 
deposits from the mixture is much lower i.e. K and S are dominating elements.  
 
The lee-side deposits from LR combustion were mostly composed of K, Cl and Ca (apart from C and O). The main phases 
detected with XRD from LR lee side were KCl, CaCO3, CaSO4, K2SO4 and K3Na(SO4)2.  LR combustion resulted in wind-
side deposits of Si, Ca and K, with the phases CaCO3, NaAlSi3O8, CaSO4, KAlSi3O8, Ca3Mg(SiO4)2 and Ca5(PO4)3OH 
detected with XRD.  
 
Lee-side deposits from the fluidized combustion of pure DDGS were not found in sufficient quantities for separate analysis, 
due to the fast bed defluidization causing premature shutdown of the experiment. The wind-side deposits contained (apart 
from O and C) mainly K, P, Mg, Si, Na and S. The phases detected with XRD from pure DDGS on the wind side included 
CaK2P2O7, K2MgP2O7, (K,Na)2MgP2O7 and ß-K2SO4. Deposits on the lee-side of the probe from wheat straw-DDGS- 
contained mostly K and S (on a C- and O-free basis), and phases detected with XRD were  K2SO4 , K3Na(SO4)2 , CaK2P2O7 
and Ca3Mg(SiO4)2. The wind-side deposits from wheat straw-DDGS contained mainly the elements K, P, Mg and Si, with the 
phases CaK2P2O7, K2SO4, MgKPO4 and NaAlSi3O8 detected with XRD. During wheat straw combustion the lee-side 
deposits contained mostly K, Cl and S i.e. the Cl concentration was higher than for the wheat straw-DDGS combustion. 
 
The lee-side deposits from combustion of pulverized DDGS contained (apart from O)  mainly K, P and also some content of 
Na, S and Cl. Phases detected with XRD of the lee-side deposits were K2SO4, KCl, KMgPO4 and traces of SiO2. The wind-
side deposits from combustion of pulverized DDGS contained (apart from O)  mainly P, K, Mg and also some content of Ca 
and Si. On the wind-side, KMgPO4 and K2CaP2O7 were detected. 
 
4. Discussion 
4.1. Fuel properties. Ground wheat DDGS can be fed without bridging problems. TGA did not indicate any difficulties 
regarding combustion stability, and combustion of pulverized fuel in the powder burner worked without difficulties, 
regarding combustion stability. The sulfur concentration of 0.3 %wt ds reported by Tavasoli is far below the concentration in 
the experimental sample, 1.03 %wt ds.  and is also lower than the other published sulfur concentrations. The oxygen 
concentration of 42.5%wt ds reported in this work is also higher than the ones from other sources, and the composition 
reported for this sample may not be entirely typical of wheat DDGS. The HHV and the contents of moisture, ash, sulfur and 
chlorine for DDGS can be compared with those of other biomass fuels in table 11. The HHV of 19.2 MJ/kg d.s., of the 
DDGS used in this work, is typical of biomass fuels. The moisture content of 6.2-14 %wt is sufficiently low for combustion 
without further drying of the fuels. The ash content of  5.4 ±1.6 %wt d.s  is higher than for most forest fuels and in the same 
range as for many agricultural fuels.  
 
The concentration of nitrogen in DDGS of 5.1-5.9 %wt ds is high in comparison to many other biomass fuels and also high in 
comparison to grain, which has a nitrogen concentration of 1.0-2.9%wt ds (average 1.86 %wt ds).21  As the starch is converted 
into sugars, the other grain components like proteins and fat are enhanced. The enhancement of proteins will tend to increase 
the nitrogen concentration. Another possible source of nitrogen is residual enzymes.  
 
The sulfur content of of 0.538 ±0.232 %wt d.s  is higher than for most forest and agricultural fuels. Several waste fuels have 
comparable or higher sulfur concentrations, e.g. sewage sludge, forest industrial wastes, manure and waste leather. The sulfur 
content of grain is 0.08 to 0.2 %wt d (0.126  %wt d average), and there is thus a considerable addition of sulfur in the ethanol 
production process, probably from the enzymes. The chlorine content is in the same range as many other agricultural fuels as 
shown in figure 4.  
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Table 11. Fuel properties of distillers grain (DDGS) compared to other biomass fuels 13 

Fuel Moisture 
content. %wt

Ash %wt d.s. S %wt d.s. Cl %wt d.s. HHV, MJ/kg 
(d.s.) 

Wood (dust. chips. powder) 8-60 0.4-0.6 0-0.3 0-0.05 16-18 
Wood (pellets. briquettes) 9-10 0.4-0.8 0-0.3 0-0.05 19-21 
Logging residue 35-55 1-5 0.02-0.05 0.02-0.05 19-21 
Wood waste 3-50 3-16 0.04-0.3 0.04-0.2 20-24 
Salix 25-50 1-5 0.005-0.03 0.01-0.1 16-20 
Bark 21-65 2-6 0-0.1 0-0.02 20-25 
Hardwood 20-40 0.3-1.7 0.01-0.04 0.005-0.06 19-21 
Straw 10-20 4-10 0.05-0.2 0.05-1.5 18-20 
Reed canary grass 10-15 3-7 0.05-0.2 0.1-0.2 17-20 
Hemp 15-75 1.6-6.3 0.03-0.07 0.04-0.1 19 
Grain 14 2-4 0-0.5 0.02-2.3 17-22 
Crop residues 12 10 0.2 0.2 20 
Olive residues 0-21 0.4-16 0.01-0.3 0-0.4 19-25 
Cocoa beans and shells 7 5 0.3 0.02 30 
Citrus pulp 8-10 4-7 0.2 0.02 21 
Shea nuts 3.3-7.6 6-7 0.3 0.1 23 
Sewage sludge 53-77 35-50 0.2-5 0.05-1.5 15-24 
Waste. forest industry 41-84 2-60 0.1-2.4 0.01-0.3 17-23 
Manure 4-92 15-42 0.3-1.1 0.6-2.4 19-21 
Paper-wood-plastics 10-55 5-13 0.07-0.5 0.01-1.5 18-31 
Tyres. processed 0.6-4.3 5-26 1.3-3.3 0.06-0.9 36-43 
Waste leather 54 2.5 2.6 1.2 19 
Recycled carton 42-64 10-27 0.03-0.2 0.07-0.6 12-20 
Meat and bone meal 7 30 0.7 0.5 23 
Animal fat 0.1-0.6 0.1 0.02 0 39 
Vegetable fat 0-1.2 0-0.1 0 0 39 
Tall oil pitch 0.1-0.3 0.2-0.4 0.2-0.3 0 40 
Peat 38-58 2-9 0.1-0.5 0-0.1 19-27 
Peat (briquettes/ pellets) 10-15 2-8 0.25  20-27 
DDGS (present study) 6.4-14 3.6-8.4 0.30-1.03 0.22 19.2 
 
A comparison of the ash-forming main elements in the used DDGS in this work and other biomass samples is shown in 
figure 4. The potassium concentration in the fuel ash is comparable to typical wheat straw and salix fuels but in comparison 
to these fuels the concentration of Ca+Mg is relatively low in the fuel ash. This could potentially (as shown in this work) lead 
to ash related problems such as slagging and bed agglomeration. The phosphorus concentration in the fuel ash of wheat 
DDGS is relatively high in comparison with many other biomass fuels but at the same level as in wheat grain.   
 
4.2. Gaseous emissions.  The high emissions of NO, SO2 and HCl (in fluidized bed combustion) suggest that DDGS should 
preferably only be used as a fuel/co-combustion fuel (in significant amounts) in combustion applications with proper flue gas 
cleaning.  
 
Despite the fact that the molar ratio (2[K]+[Ca]/[S] during DDGS combustion is well above unity, the fraction of the fuel S 
which was converted to SO2 was 45%  during fluidized bed combustion and 80% during powder combustion. In addition, the 
HCl emissions during fluidized bed combustion of DDGS were high (120 mg/Nm3 at 10% O2 t.g.) and about twice as high as 
during wheat straw combustion even if the molar ratios [K]/[Cl] in the two fuels were approximately the same i.e. 4. The high 
HCl emissions during DDGS and DDGS-mixture combustion are probably caused by the strong affinity of phosphorus 
topotassium i.e. potassium is captured to different phosphates and is therefore not available for KCl-formation. The high SO2 
emissions are probably a combined effect of the high S and P contents in the DDGS fuel as several calcium-potassium 
phosphates were detected in the different ash and particle fractions. Furthermore, the HCl emissions decreased to below 3 
mg/Nm3 during DDGS combustion in the powder combustion appliances which have a fuel particle process temperature 
several hundred degrees higher than in the fluidized bed.  
 
4.3. Particle emissions. Combustion and co-combustion of DDGS in the fluidized bed and the pellets burner generally 
resulted in relatively large emissions of fine particles (< 1 μm) containing mainly K2SO4 in fluidized bed combustion and 
particles containing K, S, Cl and P (except C and O) in  pellets burner combustion. Adding DDGS to both the logging 
residues and the wheat straw during fluidized bed combustion strongly reduced the Cl concentration in the fine particles 
which could reduce the potential risk for Cl-induced high temperature corrosion.  The coarse particle mode that was formed 
during fluidized bed combustion consisted mainly of different Ca-K-Mg phosphates/silicates DDGS and DDGS mixture 
during DDGS and DDGS mixture combustion.  
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Figure 4. Comparison of the ash composition of used wheat DDGS in this work (as received) with other fuel samples.  
 
The fine particles from grate combustion of the DDGS mixtures had considerably higher Cl- and P-concentrations, compared 
to the fine particles from fluidized bed combustion of the same fuels. The HCl emissions were also significantly higher in the 
pellets burner experiments than in the fluidized bed experiments. The reason is probably the higher process temperature (fuel 
particle temperature) during combustion in the pellet burner. This probably causes evaporation of K and P from the 
potassium rich melt formed. In combustion of the mixtures of rapeseed meal (RM), which like DDGS have high 
concentrations of K and P but which are more rich in Ca, Mg, no significant concentrations of P and Cl were found in the 
particles. During RM combustion smaller amounts of slag (i.e. melted residual ash mainly composed of P, Ca, Mg and K) 
were produced during the experiments, probably due to the higher melting temperature of the Ca-Mg-K-phosphates formed 
from this fuel. K-P phosphates could have melting temperatures below 600 oC but calcium addition to these phosphates could 
significantly raise these melting temperatures.22 Because of the relatively low gas velocities in the pellet burner equipment 
compared to commercial grate boilers, coarser particles may have been deposited in the furnace or the boiler that would 
otherwise have followed the flue gas.  
 
Particle emissions from powder-burner combustion of DDGS were about 20 times higher than of typical commercial soft 
wood stem wood powder. The particles from the powder burners contained high concentrations of potassium and phosphorus.  
 
4.4. Bed agglomeration.  The DDGS and the wheat straw-DDGS fuel had high bed agglomeration tendencies in comparison 
with many other biomass fuels (see table 12). The bed particle layers formed during DDGS and wheat straw-DDGS 
contained mainly K and P (exept O) and Si, K and P, respectively. Co-combustion of DDGS with the relatively calcium rich 
logging residues reduced the bed agglomeration tendency significantly.  The relatively Ca and Mg poor DDGS fuel had a 
significantly higher bed agglomeration tendency than the previous tested RM fuel which have relatively similar K and P 
content.  
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Table 12. Temperatures of initial defluidisation for the fuels tested and ten other biomass fuels.  
 Temperature of initial 

defluidisation (oC) 
Distillers Dried Grain 
with Solubles (DDGS) 

Defluidization during 
combustion at 800 oC 

LR-DDGS 950  
Wheat straw-DDGS Defluidization during 

combustion at 730 oC 

Rape seed meal 1020  
Bark > 1015
Olive stone 930
10% RM in Bark 965
30% RM in Bark 930
Peat >102023

RDF 99023

Bagasse 99523

Alfalfa 67023

 
4.5. Slag formation.  
Wheat DDGS has a high slagging tendency compared to most forest fuels, although stored logging residues have a similar 
tendency. A mixture of fresh logging residues and wheat DDGS have a considerably lower slagging tendency than the wheat 
DDGS. It should be noted that RM, which have similar concentrations of potassium, phosphorus and sulfur but a higher 
concentration of calcium than wheat DDGS, has a much lower slagging tendency.  
 
DDGS combustion produces slag with high K concentrations and low Ca and Mg concentrations, mainly as phosphates. 
Compared to the slag formed during rapeseed meal combustion the slag contains less Ca and Mg. If the DDGS is mixed with 
LR a slag with relatively higher Ca concentration is formed. Compared to the slag from unblended DDGS, the resulting slag 
from LR-DDGS contains more silicates and less phosphate.  
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Figur 5. Comparison of slag formation tendency in grate combustion for the pelletized fuels used in this study (dark) and  
some other biomass fuels combusted in similar conditions in previous studies (white)., 13, 24

 
4.6. Deposit formation. For fluidized bed combustion, the fine particles (< 1 μm) from DDGS combustion mainly contain 
sulphates of potassium, and therefore the risk of problems caused by deposit formation should be moderate. It is known from 
previous work that sulfur addition reduces harmful deposit formations.25 It is also known that the partially molten particles 
are most likely to stick to cool surfaces, and that the presence of chlorine increases the risk of corrosion. The lower Cl 
concentration in particles produced from combustion of DDGS mixtures, compared to the co-combustion fuels LR and wheat 
straw used in this study, is therefore an advantage.  

 
However during combustion in the pellets burner the addition of DDGS to the fuel did not result in any similar reduction in 
the Cl concentration in the fine particles.  Potassium phosphates abundant in the fine particles from powder burner 
combustion of DDGS have low melting temperatures, which makes them sticky under common operating conditions and may 
result in deposits. Their abundance in the fine particles is a reason not to use DDGS as a fuel for powder combustors. The 
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high fuel particle temperatures typical of powder combustion probably cause the evaporation of potassium and phosphorus 
from the initially potassium phosphate rich melt formed as has also been discussed in 4.2 and in a previous work. 13   This is 
consistent with the low HCl emissions during DDGS powder combustion i.e. potassium could hereby be available for KCl 
formation.  
 
4.7. Possible applications of wheat DDGS. The high slagging and bed agglomeration tendencies of wheat DDGS is a reason 
to only use the fuel in smaller quantities in other fuel mixes, preferably with fuels rich in Ca and Mg. The particle matter 
emissions of DDGS are high and combustion facilities with advanced filtering capabilities are therefore required (a multi-
cycone is not sufficient as large fractions of the particle mass have aerodynamic diameters around and below 1 µm). The 
large amounts of of SO2 and NO emitted mean that sulfur and NOx removal is required, which is economical only at large-
scale facilities. In powder combustion DDGS generates large amount of fine particles containing low melting K and P, 
making the risk for deposit formation significant. Wheat DDGS is therefore suggested to be used with caution in powder 
combustion appliances.  
 
5. Conclusions 
Fuel properties of wheat distiller's dried grain with solubles (wheat DDGS) from wheat-based ethanol production have been 
determined. The volatile fraction 77.6%wt d.s. is comparable to wood, the moisture content (9.7 %wt ± 2.2 %wt) is sufficient for 
combustion without further drying. The ash content (5.4.±1.6%wt d.s.) is higher than for most forest fuels and in the same 
range as for many agricultural fuels. The calorific heating value is 20.6 MJ/kg (dry basis). Compared to agricultural fuels 
(e.g. straw, reed canary grass, hemp, crop residues) the chlorine content (0.22 %wt ds) is in the same range as for many other 
agricultural fuels.  Compared to almost all other biomass fuels the sulfur content is high (0.538± 0.232%wt d.s). DDGS has high 
contents of nitrogen (5.1 %wt ds ± 0.6), phosphorus (0.960%wt ds ± 0.073 % wt ds) and potassium (1.30%wt ds ± 0.35). 
 
To determine fuel-specific combustion properties, wheat DDGS and mixes between wheat DDGS and logging residues (LR 
60 %wt and DDGS 40 %wt), and wheat straw (wheat straw 50%wt, DDGS 50 %wt) were pelletized and combusted in a 
bubbling fluidized bed combustor (5 kW) and in a pellets burner combustor (20 kW). Pure wheat DDGS powder was also 
combusted in a powder burner (150 kW).  
 
The emissions of NO and SO2 were high during combustion of wheat DDGS, pure and in mixtures, and it is therefore 
suggested that it should be used in appliances with flue gas cleaning. The HCl emissions were also relatively high in fluidized 
bed combustion of DDGS. Wheat DDGS had a high bed agglomeration and slagging tendency compared to other biomass 
fuels. The best use may therefore be to mix it with other fuels, preferably with high Ca and Mg contents, so that the only a 
minor fraction of the total ash-forming elements is contributed by the wheat DDGS. 
 
Combustion and co-combustion of wheat DDGS in the fluidized bed and the pellets burner generally resulted in relatively 
large emissions of fine particles (< 1 μm). The Cl concentrations of the particles were reduced when wheat DDGS were 
added to logging residues and wheat straw in fluidized bed combustion. In the pellet burner experiment the Cl- and P-
concentrations in the fine particles were considerably higher in the DDGS mixtures in comparison to during fluidized bed 
combustion.  
 
Particle emissions from powder combustion of wheat DDGS were sixteen times higher than for soft wood stem wood powder 
and the fine mode particle fraction contained mainly K-phosphates known to have low melting temperatures, suggesting that 
powder combustion of wheat DDGS should be used with caution.  
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ABSTRACT 

When ethanol is produced from wood, a solid residue from the hydrolysis makes up between 30 and 50 
percent of the dry mass flow. This lignin-rich hydrolysis residue (HR) has lower ash content than the feedstock, 
which makes it an interesting fuel. The thermal properties of HR are therefore relevant. As combined-cycle 
applications may be considered, the pressurized gasification properties of HR are also relevant. Combustion and 
gasification properties of two such materials have been studied using thermo-gravimetric analysis (TGA) and 
differential thermal analysis (DTA) at 1 and 12 bar total pressure and at a heating rate of 20 ºC per minute. At 
low temperatures, devolatilization of the HR was slow compared to wood. Despite that, the materials were 
ignited at lower temperatures. DTA results indicated melting of lignin. Compared to wood, char yields were high 
and char reactivities low, probably due to lignin melting and reduced porosity and effective surface area. Char 
burnout may be a problem in combustion applications.  
 
 
 
1. Introduction 
To be competitive in the motor fuel market, the production cost of ethanol must be low. The 
use of lignocellulosic materials like wood for production of ethanol results in large amounts 
of residues, mainly from the hydrolysis. It is crucial for the process economy that the 
hydrolysis residue (HR) can be profitably used. To convert wood into saccharides it is pre-
treated (heating and pressurisation, followed by rapid expansion, combined with exposure to 
sulfur dioxide or sulfuric acid) and thereafter hydrolyzed. Saccharides produced are fermented 
to ethanol, which is removed through distillation.  
 
Hydrolysis of wood is conventionally done using acid, e.g. dilute sulfuric acid. Enzymes 
which convert the cellulose more efficiently have been tested in bench-scale and pilot scale. 
One enzymatic process is simultaneous saccharification and fermentation (SSF). Between 30 
and 50 percent of the organic material in wood cannot be converted into saccharides with 
current technology. Depending on which process is used, the properties of the HR will differ. 
HR consists mainly of lignin and remaining cellulose or degradation products of cellulose like 
glucan.  
 
Low ash and alkali contents compared to the feedstock make HR an attractive fuel, making 
studies of its properties during combustion, pyrolysis and gasification worthwhile. For a 
bench-scale dilute-acid proces, the ash content in the acid-hydrolysis residue (AHR) was 
below 0.1 percent dry weight. and the Na and K contents were 23.2 and 32.2 mg/kg 
respectively. This can be compared to the ash content for wood which is 0.2-0.4 %wt (dry) 



and the Na and K contents which are 3-22 mg/kg dry weight and 200-1 310 mg/kg dry weight 
respectively.1  For residue from the SSF process (SSFR) no reliable figures of Na and K are 
available to the authors. Low alkali content reduces the risk of slagging, corrosion and 
deposition problems in combustion applications. On the other hand, sulfur and nitrogen 
contamination from the process is a disadvantage.  
 
Basic combustion properties of AHR of hardwood and softwood have been described by 
Blunk and Jenkins.2 Combustion tests of granulated HR, including AHR and SSFR, from the 
SEKAB plant have been done in a pilot-scale swirling combustor by A. Arshanitsa et al at the 
Latvian State Institute of Wood Chemistry,3 which have also described the granulation 
process.4 It was found that HR was more easily ignited than wood powder.  
 
HR would be possible to use in most combustion applications. However, it would improve 
process economy if the specific properties of the material could be utilized, in particular its 
low alkali content. As process steam is needed for the ethanol production process, it could be 
an advantage to generate surplus electric power and district heat on site. Another application 
is small-scale residential heating, pellet burners and stoves, where oil and electricity currently 
used can be replaced.   
 
One way to take advantage of the low ash content is to use it for combined cycle applications, 
which have higher electric effiencies than steam cycles. To design a separate gasification 
stage, thermal properties of the hydrolysis residue under oxygen-free conditions and under 
pressure are relevant. Previous work by Cetin et al on several biomass species has shown that 
larger char particles are produced under higher pressure, and that char formed under pressure 
has lower reactivity if differences in O2 partial pressure are taken into account.5 This suggests 
that char burnout in pressurized combustion/gasification is a potential problem and that 
therefore it is interesting to do thermo-gravimetric analysis (TGA) for pressurized conditions.  

 
Combustion tests with AHR from a bench-scaled facility have been done in a residential 

pellet burner6 and in a powder burner.7 It was found that combustion of the AHR in 
pulverized form was similar to combustion of wood powder. Flame stability was not a 
problem.  Combustion in a pellet burner worked well if the temperature was high, but there 
was a tendency to char aggregate formation below 800 ºC. A likely cause is melting of lignin. 
This suggested that the material was best suited for burners with continuous feeding rather 
than intermittent feeding. The respective times for drying/devolatilisation and char 
combustion of single pellets from hydrolysis residue and wood were also measured by Öhman 
et al in air at uniform temperatures of 800, 900 and 1000 ºC. It was found that the char 
combustion time for AHR was about 1.2 to 1.4 times longer than for wood. The char 
produced was inspected using environmental scanning electron microscope, (ESEM) and it 
was found that molten lumps at the surface were formed at a furnace temperature of around 
400 ºC.  
 
Thermal data from several studies on lignin in general are available. Beall did TGA of five 
forms of lignin, including sulfuric acid (spruce) at temperatures from 25-1 000 ºC, at a heating 
rate of 6 ºC/minute.8 Tang performed of softwood lignin at a heating rate of 3 ºC/minute.9 
Williams did TGA of softwood lignin. The lignin was extracted from pine wood using 
sulfuric acid using the standard ASTM test method for acid-insoluble lignin. The heating rates 
used were 5, 20, 40 and 80 ºC/minute with nitrogen as a purge gas.10 Thring et al performed 
TGA of fractionated lignin.11 Lopez and Herera pyrolyzed hardwood lignin isothermally.12 
Várhegyi analyzed the thermal compozition of several biomass materials and their main 



components at 2 ºC/min and 50-80 ºC/min.13 Yang et al analyzed the pyrolysis of 
hemicellulose, cellulose and lignin with a heating rate of 10 ºC per minute, and they found 
that lignin was decomposed at a wide temperature range and generated about 40 percent solid 
residue.14Rostami et al measured the main components of the gas released from TGA of 
commercial lignin at up to 900 ºC at a heating rate of 10 ºC/min through Fourier transform 
infrared (FTIR) spectroscopy.15 Murugan et al pyrolyzed hardwood lignin at 15 ºC/minute in 
an inert atmosphere (argon) up to 300 ºC.16 Shafizadeh et al found that the pyrolysis char 
yield from lignin was higher than from cellulose or hemicellulose.17

 
For modeling of combustion applications, user supplied parameters describing 
devolatilization are required by the software (e.g. Fluent). TGA is a way to estimate such 
parameters, provided that the heating rate used is similar to the heating of the fuel used in the 
application. A review of modelling of pyrolysis of wood and biomass has been compiled by 
Di Blasi.18  
 
Since char burnout is typically completed in time scales which are much longer than the time 
needed for the devolatilisation, char burnout time determines the necessary particle residence 
time. Char properties are therefore important for the design of combustion and gasification 
equipment.  
 
When HR pellets were combusted at temperatures below 800 ºC it was found by Öhman et al 
that there was a tendency for char aggregate formation. The respective times for 
drying/devolatilisation and char combustion of single pellets from HR and wood were also 
measured by Öhman et al in air at uniform temperature of 800, 900 and 1 000 ºC. It was found 
that the char combustion time for HR was 1.2-1.4 times longer than for wood.19 For 
combustion of lignin rich fuels, care may therefore be needed to ensure that char combustion 
can be complete.  
 
The heat of reaction is interesting as it provides understanding of the phase changes and 
reactions of the material.  
 
For gasification applications, thermal properties of the fuel in inert and CO2-rich conditions as 
well as in air/oxygen are relevant.  
 
It is therefore important to use TGA as far as possible to estimate the following parameters for 
atmospheric and elevated pressure, and for oxidizing, inert and CO2-rich conditions: 

- Devolatilization kinetics, including heat of reaction 
- Char yield 
- Char reaction rate 

 
Knowledge about these parameters is necessary for the design of gasification and combustion 
equipment for this material, which is potentially of considerable economic importance.  
 
 
 



2. Experimental section 
 
2.1 Properties of the material studied. Two materials from different ethanol production 
processes were studied. In addition, a commercial wood powder sample was studied.  
 
The first material was solid residue from dilute acid hydrolysis (AHR). The material was 
produced at the Rundvik reactor in Örnsköldsvik, Sweden, where spruce sawdust was 
hydrolyzed in two stages using dilute sulfuric acid. The two-stage hydrolysis procedure has 
been described by Eklund and Pettersson20 While the wood powder was not identical to any 
of the feedstocks, studies have shown that its chemical and thermal properties vary rather little 
between batches.21, 22 The composition of the material is shown in tables 1 and 2. For 
comparison, materials sampled from a pilot-scale plant in northern Sweden (SEKAB at 
Örnsköldsvik), with spruce stem wood as a feedstock is shown in table 3.  
 
The second material was solid residue from an enzymatic process using simultaneous 
saccharinication and fermentation (SSFR) at the Process Development Unit, Lund University 
of Technology, Sweden. The feedstock was spruce stem wood. The material was not washed 
before the test, and had an ash content which may have influenced the results. In an industrial 
process, it would have been washed to avoid losses of saccharides before the fermentation 
stage.  
 
 
2.2 Experimental producedure and analysis. TGA measurements were performed by the 
Combustion and Materials Chemistry Group at Åbo Akademi University, Finland.  
Experiments were done at 1 bar and 12 bars total pressure. The materials described in the 
previous section were studied: 1) AHR, 2) SSFR and 3) wood powder. The temperature was 
increased at 20 ºC per minute to 900 ºC, where it was kept for 30 minutes. Purge gases used 
were N2, air and CO2.The sample size used was 5-6 mg.  
 
A TA Instruments SDT 2960 was used for the tests at 1 bar of the AHR and wood, with 
simultaneous recording of TGA and differential thermal analysis (DTA) data. For DTA, the 
temperature difference between the fuel sample and an inert reference sample is measured, as 
a measure of the heat of reaction. For the 1 bar tests of the SSFR, and for all 12 bar tests, 
equipment for pressurized thermo-gravimetric reactor (PTG) was used.  
 
For the tests at atmospheric pressure, differential thermal analysis data were also recorded.  
 
Kinetic constants were calculated for the constant heating rate phase. These should not be 
seen as inherent properties of the materials, rather as a convenient way to summarize the mass 
loss as a function of temperature and time, for a particular set of conditions.  
 
For the calculations, first order kinetics and independent parallel reactions were assumed to 
describe the mass loss rate. More sophisticated models involving sequential reactions and 
distributed activation energies were considered too complex for the purposes of this study. 
Each of the parallell reactions were assumed to follow an Arrhenius type expression 

( )RTEAk a−⋅= exp .  



Table 1. Proximate and ultimate analyses of the materials studied.  
 Method AH material 

 

SSF material 
(unwashed) 

Wood 
powder 

C (per cent of 
dry substance) 

LECO-CHN1000 55.7 59.4 49.8 

O  By difference 38.5 31.2 43.7 

N  LECO-CHN1000 <0.1 2.9 <0.1 

H  LECO-CHN1000 5.8 5.0 6.2 

S  SS18 71 771 0.03 0.28 0.01 

Ash  SS18 71:12 <0.1 1.2 0.4 

Volatile matter  ISO 562:1 78.4 63.8 84.5 

Lower heating 
value (MJ/kg 
d.s.) 

ISO 1928:1 21.57 25.86 19.0 

 
 
 
 
Table 2. Chemical analysis of the AHR. The main source of glucan is the cellulose.  

 Percent of dry 
weight 

Extractives 0.00 

Ash 0.08 

Lignin 53.51 

Glucan 43.75 

Xylan 1.07 

Galactan 0.65 

Arabinan 0.00 

Mannan 0.69 

Total 99.75 

 
                                                 
1 Swedish standard, based on the US standard ASTM D 4239 C and the Australian standard AS 1038.6.3.3.. Has 
been replaced with SIS-CEN/TS 15289:2006 
2 Swedish standard, based on ISO 1171-1981, modified for biomass fuels. Has been replaced with CEN/TS 
14775:2004 



Table 3. Ultimate analysis for material from the pilot plant (AHR1, SHFR1 and 2, SSFR1,2 
and 3) and from bench-scale acid hydrolysis (AHR2) 

Content, 
percent d.w. AH1 AH2 SHF1 SHF2 SSF1 SSF2 SSF3 

C 54.9 62.17 55 57.7 58 59.7 60.9 

H 6 5.89 6.2 6 5.9 5.9 5.9 

O 38.7 31.11 38.16 35.69 35.31 33.4 31.73 

N 0.19 0.15 0.42 0.4 0.56 0.8 1.13 

S 0.21 0.06 0.22 0.21 0.23 0.2 0.34 

 
 
The quadratic differences between the measured reaction rates and the rates calculated from 
the model were minimized to determine the parameters. The initial drying phase was 
excluded. Two parallel reactions were assumed for the AHR and the SSFR, while three 
parallel reactions were assumed for wood.  
 
 
 
3. Results and discussion 
The resulting TGA curves as functions of temperature are shown in Figures 1 and 2 for 1 and 
12 bar total pressure, respectively. At atmospheric pressure devolatilisation of all three 
materials start at about 300 ºC. For wood the mass loss becomes much slower above 400 ºC, 
for the AHR and even more for the SSFR, the mass loss rates decrease more gradually. 
Temperatures for maximum mass loss rates are listed in table 4.  
 

Table 4. Temperatures for maximum mass loss rate 

Purge gas Total 
pressure, 
bar 

AH material SSF material Wood powder 

N2 1 360 ºC 410 ºC 390 ºC 

Air 1 330 ºC 290 ºC 350 ºC 

CO2 1 330 ºC 410 ºC 380 ºC 

N2 12 360 ºC 420 ºC 390 ºC 

Air 12 270 ºC 210 ºC 280 ºC 

CO2 12 380 ºC 410 ºC 400 ºC 

 
 
 



The kinetic parameters determined through the TGA measurements in nitrogen and carbon 
dioxide atmosphere are listed in tables 5 and 6. The resulting graphs for the cases at 1 bar 
pressure are shown in Figure 3. The parameters A and Ea for wood were well within the range 
of values found in previous studies, see Di Blasi's review article.23 
 
Table 5. Kinetic constants computed from the TGA measurements at 1 bar total pressure. A is 
the pre-exponential factor for each reaction, Ea is the activation energy and x is the relative 
weight for each reaction.  
Purge 
gas 

AH material 

N2 A1  (s-1) 1.9 .104 Ea1  
(kJ/mol) 

82.31 x1 
(%) 

70.79 

 A2  (s-1) 3.4 .10-2 Ea2  
(kJ/mol) 

22.00 x2  
(%) 

29.21 

Purge 
gas 

SSF material 

N2 A1  (s-1) 4.1.104 Ea1  (kJ/mol) 91.85 x1 
(%) 

47.29 

 A2  (s-1) 1.3.10-2 Ea2  (kJ/mol) 19.37 x2  
(%) 

52..71 

Purge 
gas 

Wood powder 

A1  (s-1) 5.3.106 Ea1  (kJ/mol) 105.2 x1 
(%) 

25.72 

A2  (s-1) 8.0.1013 Ea2  (kJ/mol) 203.8 x2  
(%) 

53.20 

 

N2 

A3  (s-1) 3.2.10-2 Ea3  (kJ/mol) 21.79 x3  
(%) 

21.08 

 
 



 Table 6. Kinetic constants computed from the TGA measurements at 12 bar total pressure. A 
is the pre-exponential factor for each reaction, Ea is the activation energy and x is the relative 
weight for each reaction.  
 
Purge 
gas 

AH material 

N2 A1  (s-1) 1.7.105 Ea1  
(kJ/mol) 

95.03 x1 
(%) 

49.29 

 A2  (s-1) 4.5.10-2 Ea2  
(kJ/mol) 

24.04 x2  
(%) 

50.71 

Purge 
gas 

SSF material 

N2 A1  (s-1) 2.3.105 Ea1  (kJ/mol) 101.9 x1 
(%) 

47.83 

 A2  (s-1) 1.3.10-2 Ea2  (kJ/mol) 18.90 x2  
(%) 

52.17 

Purge 
gas 

Wood powder 

A1  (s-1) 2.7.105 Ea1  (kJ/mol) 97.40 x1 
(%) 

34.46 

A2  (s-1) 1.0.1013 Ea2  (kJ/mol) 202.4 x2  
(%) 

31.44 

 

N2 

A3  (s-1) 1.0.10-2 Ea3  (kJ/mol) 20.16 x3  
(%) 

34.10 
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Figure 1. TGA measurements at atmospheric pressure.  
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Figure 2. TGA measurements at pressurised conditions (12 bar total pressure).  
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Figure 3. Normalised mass loss rate from TGA measurements in nitrogen at 1 bar compared 
to a model with two/three independent reactions 



The DTA curves are shown in figure 4. In air, the process becomes endothermal above 570 ºC 
for the AHR. At low temperature, AHR is less endothermal than wood, which combined with 
the higher heating value may facilitate ignition. In the CO2 environment, the reaction is 
exothermal up to 600 ºC, above that it gradually becomes endothermal, which is reasonable as 
the net reaction is probably close to Boudouard's reaction, it may also be a sign of thermal 
softening.  
 
Char yields are shown in table 7. In the inert atmosphere (nitrogen) at 1 bar the respective 
char yields are about 10 percent for wood, 20 percent for AHR and 40 percent for SSFR. In 
general, more char is produced with increasing lignin content. As can be expected, pressure 
favors char formation.  
 
For CO2, AHR and SSFR are gasified very slowly compared to wood. Initially 
devolatilization of the lignin-rich materials is slower than for wood. Despite that, ignition is 
fast, possibly because of the high heating value.  
 
Char yields measured are consistent with earlier results that larger char particles are produced 
under higher pressure. Thermal softening of the lignin previously reported may also be related 
to the large amount of char formed under pressurised conditions, possibly volatiles become 
trapped to a larger extent compared to char particles from wood.  The DTA tests show that 
char conversion is more endothermal for the AHR than for wood, which is also an indication 
of thermal softening. 
 
Thermal softening of lignin in the char particles is also a likely cause of reduced char 
reactivity, as it will reduce porosity and effective surface area. This is consistent with the 
result of previous studies.  
 

The measurements confirm previous findings that high lignin concentrations increase char 
formation. Lignin also slows down char conversion, both under atmospheric and pressurized 
conditions. Therefore char burnout may be a problem in combustion applications. For 
combined cycle applications with pressurized gasification and combustion, this is even more 
important. For chars formed under high heating rates, yields and reaction rates under 
pressurized conditions are needed to quantify this problem and should be a subject of further 
studies.  
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Figure 4. Differential thermal analysis results at atmospheric pressure for AHR and wood. A 
positive value for the temperature difference indicates an exothermal reaction. The scale used 
for the middle chart is different.  



 

Table 7. Measured yields of char,  unburned material and ash 

AH material, 
remaining solid mass 
of the sample mass, 
percent 

SSF material, 
remaining solid mass 
of the sample, 
percent 

 

Wood powder, 
remaining solid 
mass of the 
sample, percent 

 

Purge 
gas 

Total 
pressur
e, bar 

At the end 
of the 
constant 
heating rate 
phase, 
percent 

At the 
end of 
the test 

At the end 
of the 
constant 
heating rate 
phase, 
percent 

At the 
end of 
the 
test 

At the 
end of 
the 
constant 
heating 
rate 
phase, 
percent 

At the 
end of 
the 
test 

N2 1 18 16 41 39 11 9 

Air 1 <1 <1 2 <1 3 3 

CO2 1 14 8 40 3 6 <1 

N2 12 29 28 46 46 24 22 

Air 12 6 5 9 8 <1 <1 

CO2 12 32 6 44 4 15 5 

 
 
 
4. Conclusion 

 
Thermo-gravimetric tests with temperatures up to 900 ºC and heating rates of 20 ºC per 

minute have been performed with two kinds of solid residue from wood-based ethanol 
production, consisting mainly of lignin and residual cellulose. Control tests were done with 
wood. The tests were done at 1 bar and 12 bar total pressure in nitrogen, air and carbon 
dioxide. Compared to wood, devolatilization is slow at low temperatures, which agree with 
results from previous combustion tests. The results do not suggest that ignition should be a 
problem.  

 
Kinetic parameters, which can be used for combustion modeling at similar heating rates and 
similar heat and mass transfer conditions have been estimated. For knowledge of the intrinsic 
properties of the material, TGA measurements at other heating rates would be needed.  

 
DTA results indicate thermal softening of lignin, which has previously been found to be an 

important consideration for pellets combustion.   
 



Char yields are high compared to wood and correlated to the lignin content, which agrees 
with previous results from tests of similar materials. The char reactivitites were low compared 
to wood. As the chemical kinetics should be expected to be similar, this is probably caused by 
reduced porosity and effective surface area caused by thermal softening, which has also been 
found in previous pellet combustion tests. Therefore, char burnout may be a problem in 
combustion applications.  
 

It must be emphasized that the results of this study are relevant only for heating rates 
similar to the one used. To determine the risk of problems with chars formed at high heating 
rates, yields, reaction rates and morphology under pressurized conditions are needed and 
should be a subject of further studies.  
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Abstract

A combustion test has been made with residues from hydrolysis of wood for fuel ethanol production. A 150 kW powder burner was used.

Fuel feeding and combustion were stable. The average concentration of CO in the stack gas was 8 mg/MJ, the average concentration of NOx

was 59 mg/MJ and the average total hydrocarbon concentration was below 1 ppm, at an average O2-concentration of 4.6%. The low contents

of potassium and sodium in the hydrolysis residue make the material attractive as a gas turbine fuel and the conclusion of this test is that

direct combustion may be a feasible approach for gas turbine applications.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Ethanol has the potential to replace fossil gasoline as a

motor fuel on a large scale. However, to be competitive with

other fuels, production costs must be reduced. The process

considered in Sweden for production of ethanol from wood

includes pre-treatment of the feedstock by hydrolysis.

Between 40 and 45% of the feedstock then ends up as a

solid residue. For the overall process economy, a profitable

use for this residue needs to be found.1

One possible use of the hydrolysis residue is as a fuel for

gas turbines. It appears as much more suitable for this

application than wood. The low ash content of the

hydrolysis residues and the low contents of potassium and

sodium in the ash compared to other solid fuels would give

less risks for ash deposition in the turbine and erosion or

corrosion damage. Using gas turbines adapted to operation

with gas with some dust, like the PFBC-turbine designed by

ABB-Stal, could then make it possible to eliminate the

expensive gas cleaning that is included in the pilot plants

with wood fuelled gas turbines in Värnamo and Arbre.

The simplest and cheapest approach to utilisation of

hydrolysis residue gas turbine fuel would be to burn the

residue in a specially designed combustion chamber. The

objective of the experimental study presented here was to

find out if this approach should be pursued or abandoned.

Direct combustion of hydrolysis residue for gas turbine

operation would be studied further if the results of the initial

tests indicated that the combustion properties are acceptable

and that the gas quality criteria developed by ABB [2] based

on the experiences from coal fired PFBC-plants (Table 1)

can be met.

Blunk and Jenkins have previously studied the combus-

tion properties of the hydrolysis residues in detail [3]. They

measured composition, density, heating value, ash vola-

tility, ash fusibility and SO2 release during heating for

residues from hardwood and softwood. The material was

very fine, in the case of softwood 50% of the particle mass

fraction was not retained in a sieve with a mesh size of

420 mm. The initial deformation temperature for softwood

ash was measured to 1120 8C. Applied combustion tests

were outside the scope of their work.
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1 According to von Sivers and Zacchi [1], in a weak-acid hydrolysis

process, the production cost per litre of ethanol can be reduced by about

20% provided that 65% of the solid by-product can be pelletised and sold as

a fuel (the rest is used to provide heat and steam for the process). The

assumed prices are 80 SEK per MW h for the wood and 140 SEK per MW h

for the solid by-product. For an enzymatic process, the reduction in cost is

smaller, but still above 10%, because more of the cellulose can be converted

to sugars (and subsequentially to ethanol), and because the internal heat

demand of the process is higher. It should be noted too, that also the internal

heat and steam generation can be combined with electricity production,

contributing to the overall process economy.



When sulphuric acid is used for the hydrolysis, the solid

residue will contain some sulphur. For the proposed

enzymatic ethanol production methods, the wood chips

are pre-treated with either sulphuric acid or sulphur dioxide.

When either of these methods are used, emissions of sulphur

oxides and the possibility of sulphate deposits should be

taken into account when considering combustion appli-

cations of the solid residue.

2. Experimental study

The main objective of the experiments was to confirm

that stable combustion of the hydrolysis residue powder

could be achieved with a standard wood powder burner. The

tests were carried out at the unit for Biomass Technology

and Chemistry, Swedish University of Agricultural

Sciences, Umeå, Sweden (BTC). A VTS powder burner

(VTS, Nyköping, Sweden) with a capacity of approximately

150 kW was used for the tests.

Experiments with this burner using wood powder as

feedstock had previously been done by BTC.

2.1. Description of the material studied

The material used for this study was produced at the

Rundvik reactor in Örnsköldsvik, Sweden by two-stage

hydrolysis of spruce sawdust using dilute sulphuric acid.

Process parameters are listed in Table 2. The two-stage

hydrolysis procedure has been described by Eklund and

Pettersson [4]. The solid material was separated from the

liquid by a centrifuge. It was air-dried in a clean

environment and packed in plastic bags.

After drying, the material consisted of solid lumps

with typical diameters between a couple of millimetres

and a couple of centimetres. It was ground manually in a

cleaned 1100 W Retsch SK1 electric mill so it could be used

in a powder burner.

For determination of the size distribution of the powder,

samples of 20 g were sieved for 10 min using a Frisch

Analysett sieving machine with DIN sieves: 1.6, 1, 0.8, 0.5,

0.315 and 0.25 mm. The particle size distribution of the

hydrolysis residue is plotted in Fig. 1, and comparison is

made with the commercial wood powder used in the earlier

tests with the VTS burner. It was found that 65% of the

particles passed through the 250 mm sieve. Since it cannot

be assumed that the particles are spherical, their average

diameter is difficult to estimate.

Table 3 shows the chemical composition and some

physical properties of the hydrolysis residue used for

combustion tests as well as for the wood powder used in

previous tests with the same burner.

The ash content of the solid hydrolysis residues is below

0.1% of the dry substance. This can be compared to the

wood powder previously tested, with an ash content of

0.4%. Although no detailed mass balance has been done, it

is clear that a large fraction of the ash-forming elements are

removed by the sulphuric acid during the hydrolysis and

concentrated in the liquid residue.

The melting temperature of the ashes from the hydrolysis

residue has been measured by Öhman et al. [5] to 1120 8C

(initial deformation temperature according to ISO 540 [14]).

2.2. Combustion equipment and experimental procedure

The experimental set up and the burner are shown in

Figs. 2–4. The feeding bin used has a size of approximately

1.7 m3 and a scraper in the bottom of the bin pushes the

powder down on four feeding screws. From the feeding

screws the powder falls through a downcomer, where it is

accelerated horizontally by an ejector into a plastic hose

with a diameter of 17 mm (Fig. 2). The fuel-feeding rate can

be adjusted between 0 and 30 kg/h. The combustion air is

divided into four flows: powder transport air, primary air

(swirled and high pressure), secondary air and tertiary air

(Fig. 3).

The air flows were measured using four rotameters

(Yokogawa, the Netherlands). The relative air flow

distribution had previously been optimised for wood

powder. For that fuel it was found that equal flow rates of

primary, secondary and tertiary air lead to reasonably low

CO emissions. The same air flow distribution was initially

used for the hydrolysis residue to facilitate comparisons

between the results for the two fuels.

The burner is of the free-burning type. The burner was

connected to a 150 kW boiler type Teem (Eryl, Falun,

Sweden) designed for biomass fuels (Fig. 4). To avoid low

temperatures locally in the combustion chamber, the inside

surfaces of the combustion chamber were covered with

insulating plates made of Kaowool. A ceramic cone was

placed at the front of the burner (Fig. 4).

Table 1

Gas quality criteria for GT35P gas turbine [2]

Parameter Diluted burned gas

into turbine expander

Total dust load (mg/kg gas) Below 400

Particles above 8 mm (mg/kg gas) Below 10

Potassium and sodium (mg/kg gas) Below 10

Melting temperature of ash particles (8C) Above 850

Table 2

Process parameters for the hydrolysis of spruce sawdust

Step 1 Step

Raw material Spruce sawdust –

Dry content of raw material (%) 53.1 42.0

Concentration of H2SO4 (g/l) 5 3

Reaction time (min) 10 7

Temperature (8C) 188 212

Pressure (bar) 12 20

G. Eriksson et al. / Fuel 83 (2004) 1635–16411636



During the experiment the fuel mass flow was set to

19 kg/h, corresponding to a heat release rate of 108 kW.

The flow of feeding air was set to 13.8 N m3/h. The other

air flows were adjusted to reach an O2 concentration of

4.5–5% in the exhaust. This would give an air-to-fuel

equivalence ratio of 1.27–1.31. The primary, secondary

and tertiary air flows were equal. The flow rate of each set

were to approximately 33.6 N m3/h as measured by the

flow meters. The temperature of the air and the fuel was

approximately 20 8C.

The measuring period was 2 h. The burner was fired for

2 h before the start of the measurement period, to ensure that

a thermal steady state had been reached.

2.3. Chemical analysis of flue gases and technical

parameters

On-line measurements of the gaseous products O2, CO2,

CO, NO, SO2 and THC were performed during the entire

test period. The concentrations of O2, CO2, CO and SO2

Fig. 1. Particle size distribution for hydrolysis residue powder and wood powder.

Table 3

Chemical and physical properties of the hydrolysis residues

Method Reference Hydrolysis residue Wood powder

Moisture (total weight, %) SS18 71 70 [6] 4.4 7.5

Carbon (dried weight, %) LECO [7] 55.7 49.8

Oxygen (dried weight, %) By difference 38.5 43.7

Nitrogen (dried weight, %) LECO [7] ,0.1 ,0.1

Hydrogen (dried weight, %) LECO [7] 5.8 6.2

Sulphur (dried weight, %) SS 18 71 77 [8] 0.03 0.01

Ash content (dried weight, %) SS 18 71 71:1 [9] ,0.1 0.4

Volatiles (dried weight, %) ISO 562 [10] 78.4 84.5

Chlorine in ashes (dried weight, %) ISO 587-1981 C [11] 0.35 n.a.

K (dried weight, %) ICP-AES [12] 0.002 0.2a

Na (dried weight, %) ICP-AES [12] 0.004 0.01b

Heating value, calorific (dried weight, MJ/kg) ISO 1928:1 [13] 22.8 19.3

Heating value, effective (sample weight, MJ/kg) ISO 1928:1 [13] 20.5 17.7

Ash melting point, start of deformation (8C) ISO 540 [14] 1120 n.a.

Ash melting point, spherical (8C) ISO 540 [14] 1150 n.a.

Ash melting point, hemi-spherical (8C) ISO 540 [14] 1200 n.a.

Ash melting point, float temperature (8C) ISO 540 [14] 1270 n.a.

a The potassium content of the wood powder was measured for a different batch, but for the same type of material.
b The sodium content of the wood powder was measured for a different batch, but for the same type of material.
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Fig. 2. Fuel feeding system.

Fig. 3. The 150 kW burner.
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were measured using an instrument MULTOR 610 (Maihak

AG, Hamburg, Germany). The measurement principle for

O2 was a paramagnetic measuring cell and for CO2, CO and

SO2 IR components. The concentration of NO was

measured using a chemiluminescence instrument, the ECO

Physics CLD 700 EL (Maihak). The concentration of THC

was measured using a FID Analyzer Model VE 572

(Maihak). The instruments were calibrated before each

combustion test according to the manufacturers’

instructions.

Particles in the flue gas were determined by isokinetic

sampling on quartz filter using an instrument Zambelli

model 6000 (Zambelli, Italy). Two samples were taken with

a sampling time of 45 and 30 min, respectively. The

temperature in the oven was measured at three different

places (Fig. 4) using type N thermocouples (Pentronic,

Gunnebo, Sweden).

3. Observations from the experiments

The fuel-feeding rate was stable. The feeding system

worked smoothly without interruption during the entire 2 h

test period. The experimental results are summarised in

Table 4.

The emissions were reasonably low with an average

carbon monoxide concentration of 22 ppm, at an average

oxygen concentration of 4.6%. The average total concen-

tration of hydrocarbons was below 1 ppm. There were some

fluctuations in the emissions as can be seen from Fig. 5,

where the CO content in the exhaust gas is shown

as a function of time. The reason for the fluctuations is

probably variations in the fuel flow. Similar fluctuations

were observed when wood powder was used as fuel. The

temperature values were more stable. An energy balance

(Table 5) shows that 71% of the energy content in the fuel

was transferred as heat to the flue gases.

Measured emissions are summarised in Table 4, and CO

emissions as a function of time are plotted in Fig. 5. Results

from previous experiments with the same boiler with

commercially available wood powder (stem wood, mainly

softwood, not from the same batch as the raw material for

the hydrolysis) are listed for comparison.

Fig. 4. The boiler. T1; T2; and T3 are positions for temperature measurements.

Table 4

Results of combustion tests with the 150 kW powder burner, with

hydrolysis residue and wood powder

Hydrolysis residue Wood powder

O2 (%) 4.6 (0.14) 4.8 (0.14)

CO2 (%) 15 (0.2) 16 (0.2)

CO (ppm) 22 (34) 73 (35)

NOx (ppm) 140 (5) 131 (2)

SO2 (ppm) 22 (0.7) ,0.2

CO (mg/MJ) 8 30

NOx (mg/MJ) 59 56

SO2 (mg/MJ) 21 ,0.01

Particles (mg/N m3 at 6%

O2 concentration)

36 55 (after cyclone)

T1 (8C) 1285 (4) 1237 (2)

T2 (8C) 1331 (3) 1266 (3)

Standard deviations are in parentheses.
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The low fuel feeding rate of a 150 kW burner means that

the combustion is rather sensitive to fluctuations in the fuel

feeding rate, and the peaks in the CO emission graph were

probably the caused by such fluctuations.

Energy and mass balances are shown in Tables 5 and 6.

The balances are based on the measured fuel and air flows.

The discrepancy in the carbon balance of just below 10%

indicates an error in either the fuel flow or the air flow

measurements. This error is not important for the conclusion

from the test results. The measured concentrations of

oxygen and CO2 in the flue gases show that the actual fuel-

to-air ratio deviated by 5.4% from the set value (Table 6).

The ashes collected from the flue gas contained 27%

unburned material (measured on dry substance). Since the

ash content of the feedstock was below 0.1%, this also

suggests that the combustion was reasonably complete.

The peak temperature measured in the furnace was

1332 8C which is 480 8C below the adiabatic combustion

temperature.

4. Comparison with results obtained for combustion

of wood powder

Table 4 includes results obtained from previous tests

with combustion of wood powder. The results are similar

to those obtained for combustion of hydrolysis residues.

The main differences are a higher content of CO, a higher

particle load and a much lower SO2 content for wood

powder combustion. The latter difference can be explained

by the difference in sulphur content in the two fuels. The

other differences indicates more complete combustion for

hydrolysis residue, probably a consequence of the smaller

fuel particles.

5. Assessment of hydrolysis residue as gas turbine fuel

The usefulness of hydrolysis residue as a gas turbine fuel

depends on the possibilities to meet the gas quality criteria

presented in Table 1.

The low contents of potassium and sodium in the

hydrolysis residue mean that the potassium and sodium

content in the gas entering a gas turbine can be kept just

below the required 10 mg/kg gas at stochiometric conditions

and a gas temperature above 1300 8C in a gas turbine with

pressure ratio of 12.5 bar. The required inlet temperature of

the GT35P turbine designed by ABB Stal is 850 8C. With

this temperature at the turbine inlet, a dilution correspond-

ing to an oxygen concentration of 17.0% (assuming perfect

combustion) would be necessary. This would give a

potassium and sodium concentration of 2.2 mg/kg, which

is well below the 10 mg/kg limit. The ash melting

temperature was found to be well above 850 8C. However,

Fig. 5. Emissions of carbon monoxide from the 150 kW powder burner, at an average oxygen concentration of 4.6%.

Table 5

Energy balance

kW Percent of energy

supplied

Supplied with fuel 108.2 100

Supplied with air 0 0

Delivered as heat

in the flue gas

76.8 71

Heat transferred from the flame

to the surroundings (by difference)

31.4 29

Table 6

Carbon balance

kg/h %

Supplied with fuel 10.11 100.0

Converted into CO2 9.12 90.2

Converted into CO 1:06 £ 1025 0.0001

Unburned carbon in flue

gas particles

0.02 0.2

Difference 0.97 9.6
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as the composition of the ashes may vary, some particles

could have melting temperatures considerably below

1120 8C, and the possibility that some could melt below

850 8C cannot be excluded.

The low particle content observed in the combustion tests

presented here indicates that also the dust load requirements

can be met. It must be realised however that the operating

conditions of a gas turbine burner are different from those

that could be achieved in the tests made so far. The design of

a gas turbine combustor for hydrolysis residue powder must

ensure sufficient residence time for particle burn-out before

adding dilution air and sufficient residence time of ash

particles in the dilution zone to ensure that particle

temperatures are below the level where the particles become

sticky.

6. Conclusions

† Feeding of the hydrolysis residues by a screw feeder and

by pressurised air works at least as well as for wood

powder. Improvements of the feeding system to reduce

fluctuations in the fuel flow may however be necessary.

† The temperature and emission measurements show that

the combustion of the hydrolysis residue in this particular

powder burner is reasonably stable, at least as stable as

when wood powder is used.

† It appears as justified to make further studies of direct-

firing of the materials tested as an option for gas turbine

operation. Design and testing of a pressurised powder

combustor followed by extended tests with an integrated

gas turbine system will be needed.
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Abstract 
A techno-economic assessment is made of wood-based production of ethanol, where the by-
products are used for internal energy needs as well as for generation of electricity, district heat 
and pelletised fuel in different proportions for external use. Resulting ethanol production costs 
do not differ much between the options but a process where electricity generation is 
maximised by use of the solid residues as fuel for a combined cycle is found to give 20% 
more reduction of green-house gas emissions per liter of ethanol produced than the other 
options. Maximising electricity generation at the expense of district heat generation also 
allows more freedom when suitable sites for ethanol plants are looked for. Use of gasified 
biofuel for a combined cycle power plant is a demonstrated technology, however, the low ash 
and alkali content of the hydrolysis residue may allow direct combustion in the gas turbine 
topping cycle. This would reduce the necessary investment considerably. The potential 
advantages of using a combined cycle for maximising the electric power output from an 
energy combinate, producing ethanol and electricity from biomass, justifies further 
exploration of the possibilities for using hydrolysis residue directly as gas turbine fuel.  
 
Keywords: Ethanol, Greenhouse gases, Biofuel, Combined heat and power 
 

1. Introduction 
Two major sources of greenhouse gas (GHG) emissions are the use of fossil fuels for heat 

and electricity generation and for transport, amounting to 47 and 23 percent respectively of 
fossil CO2 emitted globally in 2004 and growing fast, see for instance Barker et al. [1]. One 
way to reduce these emissions is to replace fossil fuels with biomass-based fuels.  

Substituting fossil fuels by biomass fuels for heat and electricity generation is relatively 
easy as clearly demonstrated by the Swedish experience [2]. For further substantial reductions 
of  CO2-emissions, new approaches are however needed. The main challenge is to reduce the 
large amounts of  light petroleum fuels used for the transport sector. The ambition of the 
Swedish government is to make the transport sector independent of fossil fuels by 2030. 
Electric cars and plug-in hybrids will be part of the solution, but there will also be a need for 
biomass based fuels in particular for heavy vehicles. How these shall be produced remains an 
open question. 

The petrol and diesel currently used for transportation can be replaced with liquid biomass 
fuels such as ethanol, methanol, di-methyl ether, Fischer-Tropsch diesel and diesel from 
vegetable oils in the short to medium term. After slight modifications, existing engines and 
infrastructure can use all these fuels. In order to avoid direct competition with food 
production, the food crops that are currently used for production of liquid biofuels should not 
be used as feedstock in the future. Bio-diesel from vegetable oils and ethanol from wheat or 
maize cannot be the solution for the future, with the large quantities of biofuels needed. 

Therefore, second generation liquid biofuels, produced from ligno-cellulosic feedstocks like 
wood, grass, straw, bagasse and corn stover should be promoted.  Transport fuels can be made 
from ligno-cellulosic biomass either through fermentation, producing ethanol, or thermal 
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gasification producing methanol, di-methyl ether or synthetic diesel oil. With gasification, 
liquid fuel energy yields of about 60 percent are possible, while present biological 
fermentation methods give only about 35 percent, see Sassner [3]. The remaining feedstock 
energy is found in waste heat from the gasification process and in combustible residues and 
waste heat from the ethanol process.  

Since biomass is a limited resource, the relatively low energy yields from both types of 
processes make it important to utilise as much of the residual energy as possible. This is 
definitely required for the ethanol process where the yield of liquid fuel energy is very low.  

The objective of this study is to make a techno-economic comparison of different 
possibilities for using the residual energy from wood-based production of ethanol, using data 
from the pilot plant operated by SEKAB in Örnsköldsvik, Sweden, at a capacity of 110-150 
m3 annually [4].  
 

2. The wood-based ethanol production process 

2.1 Process overview 
As illustrated in figure 1, ethanol is produced from wood through simultaneous 

saccharification and fermentation (SSF) in three steps:  1) Pre-treatment, 2) Saccharification 
and Fermentation and 3) Distillation, see Sassner [3] and Wingren [5]. 

 

 

Figure 1. The ethanol production process  

During pre-treatment, wood chips are steam-heated to 160-220 ºC at 6-34 bar, and exposed 
to H2SO4 or SO2. Prompt pressure release breaks down the wood structure, hydrolysing most 
hemi-cellulose and part of the cellulose.  

During sacharification and fermentation, enzymes hydrolyse most of the remaining 
cellulose into sugars which are continuously fermented to ethanol. A solid residue (SSFR) 
consisting mainly of lignin, remains in the slurry leaving this process step. The slurry is 
distilled to extract the ethanol at 94 percent concentration. The solid residues are removed 
through filtration after the distillation stage. Soluble distillation residues (DR), mainly non-
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fermented sugars in the filtered liquid, are concentrated to about 50 percent dry matter 
content.  
Mass and energy distributions between the main products are shown in figure 2. About 35 
percent of the feedstock energy appears as ethanol and 55 percent is found in the residues.   

Yield, percent of feedstock energy

36

39

16

8

Ethanol

SSFR

DR

Residual heat

Yield, percent of feed stock dry weight

23

31
17

28
Ethanol

SSFR

DR

Losses (CO2
etc)

Figure 2. Product yields for simultaneous saccarification and fermentation (SSF) 

 

2.2 By-products from ethanol production 
The SSFR contains mainly lignin and cellulose. The DR consists mainly of pentoses and 

non-fermented hexoses. The composition and properties of these residues as reported by 
Arshanitsa et al [6] and Wingren [5] are shown in Table 1. The ash content and its 
composition are of particular interest since these are important for the possibilities to use the 
residues as fuel for advanced thermal power processes. 

 
Table 1. Properties assumed for SSF residues (SSFR) and distillation residues (DR) 
 SSFR DR (ash free) 

C %wt 
50.6 34.0 

H %wt 
5.08 5.70 

O %wt 
28.3 45.3 

N %wt 
0.75 No data  

S, %wt 
0.13 No data  

Moisture %wt 
15 15 

Ash %wt 
0.17 No data  

LHV, MJ/kg 17.7 13.3 
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The ash content for dry wood is 0.2-0.4 percent. The Na and K contents are 3-22 mg/kg dry 
weight and 200-1310 mg/kg dry weight respectively; see Werkelin et al. [7]. During 
hydrolysis, ash is leached from the SSFR leading to lower ash content and lower contents of 
these alkali metals than in the feedstock. The actual ash composition of the SSFR will depend 
on the process design. Bench-scale ethanol production using dilute H2SO4 instead of enzymes 
resulted in a solid residue with ash content below 0.1 percent d.w. Na and K contents of 23.2 
and 32.2 mg/kg respectively, see Öhman et al. [8]. Low alkali content reduces the risk of 
slagging, corrosion and deposition problems in combustion applications. On the other hand, 
possible sulphur and nitrogen contamination from the process is a disadvantage. From an ash-
chemical point of view it is an advantage if lime rather than NaOH is used for slurry 
neutralisation.  
 

2.3 Possible uses for the process residues 
It makes sence to use the residues for generation of the heat and electricity required in the 

ethanol process in a back-pressure steam power plant with exctraction of process steam. 
However, effective heat use leads to a considerable fuel surplus. Possible utilization of the 
excess residues include: 
1.  Sale of unrefined SSFR; 
2.  Production of SSFR pellets for sale; 
3.  Generation of additional electricity in a larger-scale back-pressure steam turbine 

together with district heat generation;  
4.  Generation of electricity only in a combined-cycle plant.  

 
The first three options do not require additional research and development. It has already 

been shown, by Öhman et al [8] that pellets produced from SSFR can be an excellent fuel for 
small-scale residential boilers or stoves. Large biomass fueled steam plants for combined heat 
and power generation are common in Sweden. 

Maximising the electrical output by use of a combined gas turbine/steam turbine process 
offers the possibility of a higher electric efficiency than that achievable with a steam power 
plant. Also, this option allows more freedom in site location.  A back-pressure steam plant 
with a capacity exceeding what is required by the process will need a larger heat sink i.e. have 
access to a district heating system.  

Biomass fuels are potentially problematic to use in combination with gas turbines, however. 
The main reason is the alkali contents of the ash see for instance DeCorso et al [11], that may 
cause deposition and corrosion in the turbine. Gas quality requirements for gas turbines have 
been reviewed by Brown and Heuvel [13] while DeCorso et al [11] concluded that the risk for 
problems is strongly depending on ash composition and the gas turbine inlet temperature. 
Direct combustion of ordinary wood powder in gas turbines has led to severe deposition 
problems, except for very low turbine inlet temperatures (790ºC), see Hamrick [14] and Sethi 
[20]. It has been demonstrated that these potential problems can be successfully handled by 
gasification of the biomass, gas cooling to 350-400ºC for condensation of the alkali species 
and filtration of the gas in candle filters.  In the 6 MWe biomass fuelled combined cycle 
demonstration plant at Värnamo in southern Sweden, several biomass fuels including straw 
were used. The experiences include pressurised gasifier operation for 8 500 h  and 3 600 h of 
integrated gasifier and gas turbine operation [18]. Gas turbines operating with a sufficiently 
low turbine inlet temperature could conceivably use biomass fuels with a low alkali content 
like the SSFR  in adapted combustors without separate gasification and gas cleaning. By this, 
some saving on the investment could be gained. 
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The heating values of biomass fuels are also lower than those of the fuels that gas turbines 
are designed for. This affects the compressor-turbine mass flow balance and may require a 
reduction of the turbine inlet temperature, leading to some downrating.   

A combined cycle power plant, in combination with ethanol production  has been suggested 
by Lynd [16], Wooley [17] and Aden  [18]. Easterly [19] has made comparative estimates of 
the electricity production that can be achieved by using the solid residue in a steam cycle and 
in an IGCC process, assuming a generic electric efficiency of 36% for IGCC. His conclusion 
was that IGCC could be profitable. The analysis did not include alternative uses for the 
residues and no details were presented for the investment estimate. The impact on CO2 
emissions was not estimated. 

The objective of this study is to include other options for the use of the residues and to look 
also at the potential impact on reduction of CO2 emissions. The focus will be on the possible 
benefits of burning the SSFR directly in an adapted gas turbine combustor that might justify 
further research in this field.  
 

3. Methods and data used for the techno-economic assessment  

3.1 General approach 
A future wood-based ethanol plant in Sweden with a possibility for using a district heating 

system as a heat sink was assumed. 
The ethanol plant performance estimates were based on published experimentally-based 

data.  For the SSFR, properties from recent pilot-scale production were used, see table 1. 
Costs were estimated for the 2006 cost level. Investment estimates for the power plant 
systems were based on data from recently constructed plants.    

Four options for utilisation of excess residues, outlined in section 2.3, were evaluated. 
Simplified process flow schemes are shown in figures 3 - 5 

  

3.2 Assumed process parameters for the ethanol production 
The ethanol production process is the same in all the four options, with an annual ethanol 

production of 119 000 tons, a likely full-scale capacity according to Jonsson [37].  
Ethanol and by-product yields, the process steam demand, including steam needed for 

drying of SSFR and DR to 15 percent moisture content, and electricity demand for the ethanol 
production are taken from Wingren [5]. Full-capacity operation during 8 000 hours annually 
was assumed. 

Key process parameters and energy requirements are given in tables 2 and 3 respectively.  
 

Table 2.  Key parameters for the ethanol process  
 Mass flow, 

tonnes/year 

Energy flow 

MW 

Feedstock, (50 percent moisture) 1 024 000 295.1 

Ethanol (100 percent) 119 000 107 

SSFR material (15 percent moisture) 189 000 116.4 

DR (15 percent moisture) 101 000 47.2 
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Table 3. Ethanol production process energy requirements 
Electricity, 

MW 
Steam, 25 bar 

MW 
Steam, 12 bar 

MW 
Steam, 4 bar 

MW 
14.1 25.6 27.9 45.8 

 

 3.3 Process design and data for the integrated energy plant 
3.3.1 Process designs 

In options 1) and 2), the use of the solid residue is limited to the fuel needed for steam to the 
ethanol process. By generating the steam at higher temperature and pressure than required for 
the process steam, the electricity used for the ethanol production and some excess electricity 
can be generated by a back-pressure steam turbine with steam extraction at the pressures 
required by the ethanol process, see table 3. Excess electricity is sold to the grid. The excess 
SSFR fuel, which has better properties than the DR is sold. In option 1), the dried SSFR is 
sold without further treatment. In option 2) the same amount of SSFR is pelletised before sale. 
 

 

Figure 3. Options 1) and 2) Sales of surplus SSFR 

 

Figure 4. Option 3) All residues used for steam generation 
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Figure 5. Option 4) Most SSFR used as gas turbine fuel in a combined cycle 

The electricity consumption for pelletising is assumed to 55.9 kWh/ton as reported by 
Vinterbäck [45]. This somewhat reduces the amount of electricity that can be sold, but allows 
selling of the SSFR at a higher price. 

In option 3) all the solid residue is used for steam generation.  Excess electricity is sold to 
the grid and excess heat is sold for district heating. In option 4), most of the SSFR is 
combusted at a low fuel-to air ratio in a gas turbine topping cycle. The exhaust flow from this 
is used for combustion of the remaining residues for steam generation. The steam generation 
matches the demand of the ethanol process. Also in option 4) a back-pressure steam turbine 
with extractions is used for electricity generation. The electricity not needed for the ethanol 
production is sold to the grid.  
 
3.3.2 The steam cycle 

For all the options except option 3), steam is superheated to 540 ºC at120 bar and electricity 
is produced in a steam turbine with an assumed 86 percent isentropic efficiency expanding to 
4 bar, with extractions at 25, 12 bar. In option 3) the steam expands further to a condensor at 2 
bar where heat is exctracted for district heating. 

In options 1), 2) and 4), the steam production is matched to the process steam demand of the 
ethanol production process, see table 3. The capacity of the steam boiler was chosen so that 
all the steam is used for the ethanol production process, apart from the small amount needed 
for feedwater deaeration. Returned water from the process and make-up water is supplied to 
the feedwater tank, and the ethanol production thus acts as the only heat sink in options 1), 2) 
and 4). In option 3) all the solid residue is used for steam generation, resulting in a higher 
steam flow and an excess of 4 bar steam after the last ethanol process extraction. This steam is 
further expanded to 2 bar in a low-pressure turbine stage and condensed for district heating 
generation.  
 
3.3.3 The gas turbine cycle 

An adapted General Electric MS5001/Frame-5 appeared as the most suitable gas turbine for 
consideration in a combined cycle process directly fired by the dried SSFR. The compressor 
air flow and turbine dimensionless mass flow must be the same as for natural gas operation 
[28]. Since the heating value of the SSFR is less, the combustion power and turbine inlet 
temperature must be reduced from the design data, leading to a turbine inlet temperature of 
904oC. The output will then be reduced from 26,3 to 24,7 MW.  
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If the SSFR had been gasified and not burned directly, there would be an additional loss of 
gas turbine output by about 0,8 MW due to the necessary cooling of the gas before cleaning.  
 

3.4. Cost estimates 
The estimates made by Wingren et al. [21] have estimated the investment and the operating 

costs of an ethanol plant. These estimates were used here.  
The factor method was used for estimating the investments in the energy plant. For 

generation of a cost data base for the steam plant, the Owners of several biofueled CHP plants 
under construction or recently commissioned in Sweden were contacted [37-44]. A degression 
exponent of 0.7 was used for scaling and a least square fit was used for arriving at reference 
values for purchased cost of the main systems. The results are shown in table 4.  

 
Table 4.  Purchased cost for main components  
Main system 
 

Reference capacity Purchased 
cost 

2006 MSEK 
Steam boiler  
 

50 kg/s 586 

Steam turbine  
 

20 MWe 74 

Gas turbine  
 

26.3 MWe 
(option 4) 

71.8 

Pelletising equipment  61 000 tons/year 
(option 2) 

6.6 

 
Compared to literature data, these costs are very high, almost a factor of four higher than 

assumed by Wooley [17], probably reflecting higher costs for materials and engineering. For 
the gas turbine published cost data for a delivery in 2005 was used [23]. For an IGCC process, 
the cost of a separate fluidised bed gasifier and of gas cleaning was added, using an estimate 
by Craig and Mann [25]. Pelletising equipment costs were obtained from a leading 
manufacturer [46]. 

To convert the cost of purchased equipment to total fixed capital investment, a factor of 
2.26 suggested by Perry [22] was used to include piping, electrical equipment, 
instrumentation, site preparation etc. This factor agrees reasonably well with the ratio between 
the total investment and the purchased equipment costs reported on the average for the plants 
used for generation of the data base, which was 2.1.  The resulting investment estimates for 
the four options considered are shown in table 5.  

For calculation of the annual capital cost, a real interest rate of 5 percent and an aconomic 
lifetime of 25 years was used.  

For the energy plant the annual fixed operating costs was assumed to be 2 percent of the 
total investment and the variable operating costs 17 SEK/MWh of fuel. 

The assumed wood feedstock price was 119 SEK/MWh which was the average price for 
deliveries of wood chips to industry  in 2006 [24]. 
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Table 5. Investments assumed for the ethanol and energy plants.  
Process option  

1) Unrefined 
       SSFR  

2)  SSFR pellets 3)  Steam cycle 4) Combined  
    cycle 

Ethanol plant 
 (excluding steam boiler) 

    

Capacity, ton ethanol/year 
 

119 000 119 000 119 000 119 000 

Total investment, MSEK 1 516 1 516 1 516 1 516 

Energy plant     

Process equipment     

Capacity, ton 
steam/h 

39.9 39.9 52.31 39,9 Steam boiler 

Investment, 
MSEK 

501 501 603 501 

Capacity, 
MWe 

23.9 23.9 33.7 23,9 Steam turbine  

Investment, 
MSEK 

84 84 107 84 

Gas turbine  
 

Investment, 
MSEK 

0 0 0 72 

Pressurised feeding, 
SSFR 

Investment 
MSEK 

0 0 0 17 

Pelletising 
equipment 

Investment, 
MSEK 

0 7 0 0 

Process equipment, 
energy plant 

Investment, 
MSEK 

492 
 
 

499 598 582 

Other direct plant costs, % 83 83 83 83 

Total direct plant 
costs 
 

MSEK 900 910 1 092 1 037 

Indirect costs,  engineering (10%), 
miscellaneous (14%) 

24 24 24 24 

Total investment, 
energy plant 

MSEK 1 116 1 129 1 355 1 286 

Total investment, 
combined plant 

MSEK 2 632 2 644 2 871 2 802 

 

3.5 Estimation of revenues 
The sales price for dried SSFR was assumed the same as for the feedstock per energy unit 

i.e. 119 SEK/MWh. The assumed pellet price was 211 SEK/MWh, the average price payed by 
heat plants in 2006 [27].   

No single pricing mechanism for excess heat exists in Sweden [26] and the average price for 
industrial waste heat used for district heating, 191 SEK/MWh [27] was used for estimation of 
the revenues for sold district heat. Electricity was assumed to be sold for 445.4 SEK/MWh, 

 9



equal to the average Nordic spot market price [28] with an average price for green certificates 
of 191 SEK/MWh [29]. 
 

3.6 Effects on CO2 emissions   
The environmental impact evaluation was limited to quantification of the emissions of CO2, 

from the ethanol, fuel and electricity production, and the net changes in these emissions 
resulting from the use of the products. Emissions from upstream and downstream activities 
like feedstock harvesting and transport, the production of chemicals and transport of the sold 
residual fuel were not included.  

Assuming that the wood feedstock used for ethanol production is harvested on a sustainable 
basis, the operation of the plant does not give any net emissions of CO2. The use of the 
products will however substitute fossil fuels, in particular petroleum fuels and coal, in 
different extent for each product. The CO2 emission reduction factors for the products, used in 
this study, are listed in table 6. 

  
Table 6.  CO2 emission factors for replaced fossil fuel, kg CO2/MWh 
Product 

Ethanol Solid fuel District heat Electricity 

249 36.3 40.3 670 

 
The effect of the surplus electricity generation, 670 kg CO2 for each MWh of electric 

energy, has been estimated by Sköldberg and Unger [30]. They concluded that mainly coal- 
and oil-based production on the European continent would be replaced by additional non-
fossil electricity generation in Sweden. The ethanol produced will substitute gasoline and 
diesel. The effects on CO2- emissions have been given by IPCC [31]. 

 In Sweden, only about 14% of the fuels used for district heating are fossil fuels.  The actual 
effect of producing additional district heat from an ethanol plant on the fossil fuel use for 
district heating will obviously depend on where the plant is located and what the present fuel 
mix on that location is. The estimates in this study are based on replacement of the average 
fuel mix for district heat which is 4% coal, 6% oil, 4% natural gas [33]. Emission factors for 
these fuels have been obtained from IPCC [32]. For small-scale heating, SSFR pellets could 
replace either oil, electricity or biomass, with very different effects on the CO2 emission 
reduction.  Here, the SSFR pellets were conservatively assumed to be used for district heat 
production.  
 
 

4. Results 
The production mix and the resulting overall efficiencies for the four options are shown in 

Table 7.  The overall efficiencies range between 53 and 48%. Selling the surplus SSFR 
without further treatment, option 1) gives the best overall efficiency for the plant, and 
maximising electricity generation, option 4), the lowest. The results for the electric power 
production agree reasonably well with those estimated by Easterly [19].  

Ethanol production costs, calculated from the net annual cost after revenues for sales of 
other products, are presented in figure 6. There is no great difference between the options. 
The range is between 4.4 and 4.8 SEK/litre. Option 4) appears as slightly more economic with 
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the assumptions used here. The “other” costs are mainly costs for enzymes and chemicals for 
the ethanol production. 

 
Table 7.  Summary of production for the four options.  
 Option 1. SSFR 

unrefined 
Option 2. SSFR 

pellets 
 

Option 3. 
Steam cycle 

Option 4. 
Combined 

cycle 
Annual production, tons     
Ethanol 
 

119 000 
 

119 000 
 

119 000 
 

119 000 
 

SSFR 
 

62 000 
 

62 000 
 

0 
 

0 
 

Annual energy balance:      
Energy input, feedstock MWh  
 

2 360 000 2 360 000 2 360 000 2 360 000 

Fuel energy ethanol, MWh  856 000 856 000 856 000 856 000 
     
Solid fuel, MWh 
 

307 000 307 000 0 0 

Electricity, MWh 
 

69 000 65 000 145 000 266 000 

District heat, MWh 
 

0 0 197 000 0 

Overall efficiency % 53.0 52.8 51.4 48.3 
 
 
 

 

Figure 6. Ethanol production costs 
 
In figure 7, the results are shown of a sensitivity analysis, where the impact on the 

production cost for ethanol of a 50% higher investment, a 50% higher feedstock price and a 
50% higher electricity price, were studied. The differences between the options are not much 
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affected by these changed economic conditions, except for the case with a 50 percent increase 
of electricity price. As can be expected, this will favour option 4) which however was the 
most economic also in the base case. For this case, option 3) also becomes more economical 
than option 2). Assuming lower values for the steam cycle investment from literature like 
those assumed by Wooley [17] does not change the ranking between the options. A 50 percent 
increase in pellet price will give the same ethanol costs for options 2) and 4). Otherwise, the 
ranking between the options remains unchanged and the result can be considered reasonably 
robust. 
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Figure 7. Results of a sensitivity analysis 
 
The costs for reduction of CO2 emissions are compared in figure 8. The costs range between 

1,2 and 2 SEK/ kg CO2. Option 4), where electricity production is emphasized, is the most 
cost effective.  
               

 

Figure 8. Cost for reduction of CO2 emissions 
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If SSFR pellets replace electricity for small-scale residential heating, option 2) rather than 

option 4) becomes the most effective for reduction of CO2 emissions. The obvious reason is 
that the pellets replace electricity for which losses from generation occur elsewhere. The 
potential for substituting electric heating with pellets is large in Sweden. About 15 TWh of 
electricity was used in Sweden in 2006 for small-scale residential heating. Some 400 000 
houses are mainly electrically heated [34], where biomass combustion and heat pumps are the 
main technologies for reducing electricity use.  

 

4. Discussion 
There is no doubt that the residual energy generated when ethanol is produced from 

cellulosic feedstock must be efficiently utilised. Even if the potential for sustainable use of 
biomass is still far from being fully exploited, it is limited. If the use of fossil fuels shall be 
reduced to the levels required for avoiding serious climate change, the biomass resources 
must be used wisely. 

The four options that have been studied illustrate the effect of extreme choices for the use of 
the residual energy. With the assumptions made, there is little difference between the options 
in the net cost for production of ethanol. This result is obviously a consequence of the 
economic input data. Because of the uncertainties affecting these, it may make sense to 
compare first the performance parameters where differences between the options are 
hopefully more generic.  

The crucial question is if it can be justified to make the research and development required 
for realising the simple combined cycle process using SSFR with its low alkali content as gas 
turbine fuel. The other process options can be realised with state-of-the-art commercial 
technologies. Use of a solid fuel with any content of alkali in the ash as fuel for a gas turbine 
is at best a demonstrated technology if a more complex process than that assumed here is 
employed. The biofuelled IGCC plant at Värnamo, see Ståhl [10], demonstrated the 
possibility of using a pressurised fluidised bed gasifier with hot gas cleaning for biomass fuel 
with an alkali content of 650-3000 mg/kg. The need for gas cooling for alkali condensation 
before gas filtering leads to an insignificant reduction in electric power production, however 
the additional investment for the separate gasifier and gas cleaning unit (including indirect 
costs) amounts to about 25 percent of the CHP investment. The resulting production cost for 
ethanol would still be approximately equal to the one resulting from option 3) where the 
residue is used for electricity and district heat generation. The investment estimates here 
assume that the low alkali content of the SSFR makes it possible to burn it directly in an 
adapted combustor without any gas cleaning except possibly inertial particle separation. 

 However, it must be emphasised that this assumption is not an absolute requirement for 
combined-cycle use of the material, as an IGCC process can be implemented using only 
current technology. Direct combustion would however reduce the complexity and costs and it 
may therefore be worthwhile to develop an adapted combustor. Initial R&D priorities could 
be pressurised solid fuel feeding and basic studies of deposition-erosion-corrosion 
mechanisms for biomass fuelled gas turbines.  Improved methods for pressurised fuel feeding 
(slurry or dry-feeding) would be useful not only for biomass-fuelled combined cycles but for 
thermochemical transport fuel production as well. Studies of problems in gas turbines caused 
by biomass ash would benefit processes with biomass fueled gas turbines in general and 
provide a basis for more informed decisions on direct combustion, besides having a more 
general value for assessing novel gas turbine fuels. It has been pointed out by de Corso [11] 
that the initial research in this field could be comparatively inexpensive using material sample 
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tests and simulations The results could be either used to adapt a suitable gas turbine 
combustor for direct use of residues from ethanol production or to improve  the performance 
of the IGCC process.  

In this context, one important factor is the SSFR fuel quality, which is not fully known for a 
full-scale plant. For operation of the ethanol plant, SSFR fuel quality should be regarded as 
another production parameter that can be optimised.  

From a logistic point of view, options 1) and 2) where 61 000 tons of solid fuel are used 
externally seem less attractive. Compared to co-location of the ethanol/power/solid fuel plant 
and solid fuel use, these options generate much more transport work. A possible exception is 
if the SSFR pellets are used for small-scale residential heating. Other fuel transport work is 
then replaced. In a detailed study for a specific location, the environmental impacts of solid 
fuel transport should be quantified, however a proper analysis of this is outside the scope of 
this work.   

Options 3) and 4) could also be implemented by choosing a site close to one or more 
existing plants with excess combustion or gasification capacity and excess process steam, as 
there is no technical reason why the different functions must have common ownership. Co-
locating ethanol production with combustion facilities has been suggested, for instance by 
Easterly [35], Wooley [17] and Wingren [21].    

The results shown in table 7, could lead to the conclusion that maximising electricity 
generation through use of a combined cycle, is not justified since option 4) shows the lowest 
overall efficiency of all the options. The comparison is slightly biased since the inevitable 
exhaust gas losses associated with use of the solid fuels produced in options 1) and 2) have 
not been accounted for. With reasonable exhaust losses of 10-15% the overall efficiency for 
these options will be about the same as for option 3) but still better than for option 4). On the 
other hand, figure 6 shows that the amount of CO2 reduction per liter of ethanol produced is 
significantly higher with option 4) than for the other options. This in itself could be sufficient 
justification for development of a combined cycle process using SSFR as fuel, provided that 
the electricity produced is actually substituting electricity mainly from coal fired condensing 
power plants as indicated by the recent study of Sköldberg and Unger [30].  

Another advantage with a process that uses a larger part of the residues for electricity 
generation than is possible with a back pressure steam plant cogenerating electricity and heat, 
is that the amounts of waste heat appearing as district heat, are very large in an ethanol plant 
of the size believed to be economic.  

This makes it difficult to find locations in Sweden where this waste heat can be used. The 
calculations made here assume that the district heating system can swallow a base load 
equivalent to 200 GWh/year. The number of such networks in Sweden is about 15. Five of 
these are located in the three largest cities and only two in northern Sweden. The necessary 
increase in ethanol fuel production in Sweden to 2020 for meeting EU's RES-directive is of 
the order of 6-8 TWh liquid fuel energy, which requires 6 – 9 plants of the size studied here. 
There are apparently sufficient sites where a plant based on option 3) can be installed, but 
increasing the electricity generation and reducing district heat generation certainly leads to 
more flexibility in the siting. From the point of view of the energy plant operation, ethanol 
production can be regarded as a combined fuel source and heat user, suitable for increasing 
electric power production.  

There appears to be some inherent advantages offered by option 4) but the bottom line 
economics will nevertheless be the most important factor when the choice of process option is 
made. This will to a large extent depend on the prices of the products delivered, ethanol, 
electricity, heat and solid fuels.  Price levels for 2006 were used to calculate the resulting net 
production cost for ethanol and all the options gave almost the same result, with some 
advantage for option 4).  This option would be the most competitive even if the investment 
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for the gas turbine part would increase by 40%. It seems unlikely that electricity prices in the 
future would increase less than the prices for district heating and solid fuels and it seems 
therefore likely that option 4) will remain the economically most attractive even if energy 
prices change.  

 

5. Conclusions 
A techno-economic assessment of wood-based combined production of ethanol, solid fuel, 

heat and electric power production has been made. Four options were considered where the 
process residues are used for electricity, heat and solid fuel production in different proportions 
(in addition to process steam generation and solid fuel drying): 

1. Sale of unrefined SSFR; 
2. Production of SSFR pellets for sale; 
3. Electricity and district heat generation in a back-pressure steam power plant  
4. Generation of electricity in a combined-cycle plant.  

As a measure to reduce fossil greenhouse-gas emissions, the fourth option where a 
combined cycle is used, is significantly more effective, with about 25 percent greater 
reduction in CO2 emissions per litre of ethanol produced.  

The fourth option does not require access to a large district heating base load. This 
obviously makes it easier to find a suitable site for an ethanol production plant than for option 
three.  

It can be concluded that the production costs for ethanol do not differ greatly between the 
alternatives but that option four appears to lead to the lowest net production cost for ethanol.  

It was assumed that option four could be realised with direct combustion of SSFR in an 
adapted gas turbine combustion chamber, an assumption which remains to be verified. 
However, it was found that an IGCC process, using separate gasification, gas cooling and gas 
filtering, was only marginally less efficient. Although the investment for the energy plant was 
estimated to increase by 25-30 percent, the resulting production cost for ethanol would not be 
much higher, since the capital costs for the energy plant are only about 10 percent of the total 
production cost. It can therefore be concluded that a combined cycle is the most promising 
use of the residues from ethanol production..  

While IGCC is a demonstrated process, there have been no studies of the technical 
possibilities for using direct combustion of  residues from ethanol production, with a low 
alkali content as gas turbine fuel. The large potential of biomass-fuelled combined-cycle 
technology means that such research and development appears to be justified.  
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