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Summary 

This report describes the results of ECN’s contribution to EU project 'TDT-3R (=Thermal De-
sorption Technology-Recycle-Reduce-Reuse) Clean Multi Fuels' which is performed within the 
fifth Frame Work Programme (FP5) of the European Union (research programme Energy, Envi-
ronment and Sustainable Development, thematic priority 5.1.1 Cleaner Fuels by Substitution 
and Treatment). The publishable summary and synthesis report of the whole project is given in 
Appendix 6. 
 
Background 
Under the present conditions it is expected that coal will still be used for a long period as a en-
ergy source. Furthermore biomass is emerging as a new renewable CO2-neutral energy source in 
the future. Both fuels need significantly lowered emissions to meet new (future) European Un-
ion environmental norms for sustainable clean energy production. Several technologies and 
'end-of pipe' solutions have been developed in the past to reach these stricter emission limits. 
Examples are integrated combined cycle gasification systems (IGCC) for large scale use (>250 
MW capacity). Furthermore a large number of gascleaning technologies have been developed. 
These technologies are up-to-now rather complicated and/or costly and therefore also new solu-
tions have to be developed. The 3R Multifuel process is aimed to offer a solution to these prob-
lems, especially for low-rank coals like brown coal, lignite, high sulfur coal, derived fuels and 
biomass. 
 
Multifuel project problem identification 
The problem area's identified for the Multifuel project can be summarized as follows. Biomass 
and waste streams can be used for energy production (initially on small scale) replacing fossil 
fuels to some extent, which will result in: 1) saving fossil fuel reserves and 2) reduction of 
Green House Gas (GHG) emissions because of its short CO2 cycle nature. In total it will con-
tribute to governmental climate control efforts.  
However, various biomass and waste streams can possess Hazardous Air Pollutants (HAP) such 
as mercury, chlorine, nitrogen, sulphur, which, if not pretreated, will end up in the exhaust gas 
stream. These components must be removed because of legislated emission limitations and/or 
boiler corrosion effects. These components are difficult and costly to remove with end of pipe 
gas cleanup technologies (large gas volumes). By continuous enforcement of the environmental 
normative, the traditional off-gas treatment technologies have reached their ultimate technical 
and cost efficiency opportunities, therefore new solutions are required for thermal conversion of 
new types of solid fuel such as biomass and waste.  
 
In the innovative Multi Fuel project pyrolysis as pre-treatment is used as one of the technologies 
available to separate gaseous contaminants from the solid phase of carboniferous materials 
(biomass and waste streams) but coals as well. In this preventive pre-treatment technology a low 
temperature carbonization process, using a horizontally arranged indirectly heated rotary kiln is 
applied. In this process, alternative clean solid fuel (also referred to as char) produced from 
biomass and/or waste streams, prior to energy utilization in solid fuel power plants, can be pro-
duced. The volatile pollutants as well as the water content will be removed, which results in 
good handling quality and a high heating value of the produced secondary clean solid fuel. 
 
Several fields of research are defined for this project. The following subjects are identified for 
ECN. Data on available biomass and waste streams, to be used in energy conversion processes, 
in Europe are available in various reports. However, a state of the art comprehensive overview 
is not available and therefore desired. Further on, design data for clean solid fuel production from 
biomass, obtained by a lab/bench-scale pyrolysis facility, are not available and therefore desired. 
These data will be used for the pilot facility (Polgardi) in Hungary (Terra Humana). 
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ECN objectives and tasks 
These two identified problem areas within the Multifuel project are translated into objectives for 
ECN: a) summarise and update data for the potential of biomass and waste streams in Europe for 
power production and b) select biomass/waste streams to be tested in the lab/bench-scale facility 
and to generate design data for clean solid fuel production from biomass to be used for the pilot fa-
cility in Hungary. These objectives were, in term, translated into Work Packages (WP) consisting 
of several tasks. ECN contributed to WP3, divided in:  
 

• Task 1: Perform a market study of renewable biomass/waste streams in European dimen-
sion to summarise data for the potential of biomass/ waste streams in power production and  

• Task 3, Perform Lab/bench-scale pyrolysis testing of selected biomass/waste streams and 
analysis of flows, byproducts and energy consumption for mass and energy balance calcu-
lations in order to generate design data for clean solid fuel production from biomass/waste 
streams to be used for the pilot facility in Hungary and generate ~ 8 kg of char per test.  

 
The current project objective does not cover investigation into the fate of the above-mentioned haz-
ardous air pollutants. 
 
Results of the market study 
The market study revealed the following. To generate a comprehensive overview of available 
biomass and waste streams to be used for energy consumption proved to be a difficult task, 
however sufficient information has become available. The base case scenario used in a calcula-
tion model is characterized by: 
 

• free market and energy prices 
• strong environmental consciousness and social acceptance 
• newly developed CO2 reduction techniques and implementation of international proto-

cols to stimulate the use of these techniques 
 
This case leads to the highest numbers of biomass and waste availability for energy production 
in the Netherlands (164-235PJth). From a global perspective it becomes clear that bio-energy of-
fers great opportunities for a sustainable supply of energy and materials. The total energy pro-
duction per year in the Netherlands is some 3000PJth. To meet the demand, set by the Dutch 
government, to replace 10% of the fossil fuel consumption by renewable energy sources by 
2020, import of biomaterials in the Netherlands will be necessary. 
 
Results of Lab/bench scale testing and balance calculations of biomass/waste streams 
The biomass/waste streams for the experimental program were selected from the three main 
biomass categories because of their availability for energy conversion: 
 

• Straw from the category biomass residues; 
• Willow from the category energy crops; 
• Used wood, separated and treated from the category biomass waste. 

 
All experiments, using the ECN Pyromaat facility, have been performed successfully and 8 kg 
of secondary fuel is produced. Overall it can be seen that all three types of biomass feedstock 
behave slightly different. Considering the problems encountered with the analysis equipment, 
the mass and energy balance calculations showed reasonable closure for an installation of this 
size.  
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The axial reactor thermocouples in the gas and solid phase zones of the Pyromaat give clear dis-
cerning information on the thermal behaviour of the feedstocks during pyrolysis. One specific 
phenomenon was clearly observed namely the occurrence of exothermic reactions in the solid 
phase during the pyrolysis process.  
 
In conclusion, regarding the experimental work, it can be stated that, for willow the expected 
thermal input value necessary to maintain the process (measured value) matched reasonably 
well with the combined mass (main elements C, H, O, N and ash)/energy balance calculations 
performed with the Aspen Plus software. The small deviations are due to several factors. Some 
of the Lower Heating Values (LHV) and heat capacity (Cp) values were taken from the Aspen 
database instead of measured values (some of which were not available), and the heat losses 
were not taken into account. Also the elemental composition of tar was not determined but 
taken from other (comparable) experiments. However the generated data will prove to be useful 
as design data for clean solid fuel production from biomass/waste streams for the pilot facility in 
Hungary. 
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1. Introduction 

This report describes the results of ECN’s contribution to EU project 'TDT-3R (=Thermal De-
sorption Technology-Recycle-Reduce-Reuse) Clean Multi Fuels' which is performed within the 
fifth Frame Work Programme (FP5) of the European Union (research programme Energy, Envi-
ronment and Sustainable Development, thematic priority 5.1.1 Cleaner Fuels by Substitution 
and Treatment). The publishable summary and synthesis report of the whole project is given in 
Appendix 6. 
 
Background 
Under the present conditions it is expected that coal will still be used for a long period as a en-
ergy source. Furthermore biomass is emerging as a new renewable CO2-neutral energy source in 
the future. Both fuels need significantly lowered emissions to meet new (future) European Un-
ion environmental norms for sustainable clean energy production. Several technologies and 
'end-of pipe' solutions have been developed in the past to reach these stricter emission limits. 
Examples are integrated combined cycle gasification systems (IGCC) for large scale use (>250 
MW capacity). Furthermore a large number of gascleaning technologies have been developed. 
These technologies are up-to-now rather complicated and/or costly and therefore also new solu-
tions have to be developed. The 3R Multifuel process is aimed to offer a solution to these prob-
lems, especially for low-rank coals like brown coal, lignite, high sulfur coal, derived fuels and 
biomass. 
 
Multifuel project 
The innovative Multi Fuel project (EU project NNE5/2001/363 TDT-3R Clean Multi Fuels) 
provides in the preventive pre-treatment of carboniferous materials by low temperature 
carbonization process, using a horizontally arranged indirectly heated rotary kiln to produce 
alternative clean fuel, prior to energy utilization in solid fuel power plants. The hazardous air 
pollutants are technically difficult and costly to be efficiently and safely controlled with “end of 
pipe” solutions at solid fuel power generation plants.  
Large volumes of contaminated and problematic byproducts are continuously produced with 
low re-use opportunity. By continuous enforcement of the environmental normative, the tradi-
tional off-gas treatment technologies have reached their ultimate technical and cost efficiency 
opportunities, therefore new solutions are required for thermal conversion of new types of solid 
fuel such as biomass and waste.  
 
This report describes the results of ECN’s contribution to the Multifuel project. The publishable 
summary of the whole Multifuel project is given in Appendix 6. The main problem area identi-
fied finds its incentive in the field of reduction of CO2 emissions. As biomass can be converted 
into various forms of energy, like heat, electricity and gaseous, liquid or solid fuels, it has the 
potential to take over a substantial part of the role of fossil and nuclear fuels. Replacement of 
fossil fuels by clean solid fuel produced from biomass will result in: 1) saving fossil fuel re-
serves and 2) reduction of Green House Gas emissions (GHG) because of its short CO2 cycle 
nature. In total it will contribute to governmental climate control efforts.  
However, various biomass and waste streams can possess Hazardous Air Pollutants (HAP), (e.g. 
mercury, chlorine, nitrogen, sulphur), which, if not pretreated, will end up in the exhaust gas 
stream. These components must be removed because of legislated emission limitations and/or 
boiler corrosion effects.  
 
Several fields of research are defined for this project. The following subjects are identified for 
ECN. Data on available biomass and waste streams, to be used in energy conversion processes, 
in Europe are available in various reports. However, a state of the art comprehensive overview 
is not available and therefore desired. Further on, design data for clean solid fuel production from 
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biomass, obtained by a lab/bench-scale pyrolysis facility, are not available and therefore desired. 
These data will be used for the pilot facility (Polgardi) in Hungary (Terra Humana). 
 
Overall objectives 
The overall objectives of the project are:  
 

• develop a more efficient energy conversion process with overall estimated design effi-
ciency improvement of estimated at least three percent as compared with the unit as op-
erated before any retrofit, re-powering or replacement,  

• high efficient removal of HAP’s and decrease GHG emission,  
• decrease of production cost,  
• recycle and reuse of the removed sulfur,  
• increase of feed flexibility and  
• improve expanded use of acceptability of renewable biomass.  

 
The Multi fuel project was performed in order to solve environmental and cost effective clean 
energy production problems in a sustainable way, preventive removal of HAP’s is needed, to 
establish a safer, better, faster and less costly clean energy production.  
 
Objectives for ECN 
The objectives for ECN in the framework of this project are: a) summarise and update data for the 
potential of biomass and waste streams in Europe for power production and b) select biomass/waste 
streams to be tested in the lab/bench-scale facility and to generate design data for clean solid fuel 
production from biomass to be used for the pilot facility in Hungary.  
 
Project partners 
The project partners within the Multifuel project are: 

• TERRA HUMANA Clean Technology Development, Engineering and Manufacturing 
Ltd. (Hungary); 

• Centre for Solid Fuels Technology and Applications CSFTA (Greece); 
• Netherlands Energy Research Foundation ECN (The Netherlands); 
• University of Rostock (Germany); 
• Bunga (former Cereol) (Hungary); 
• Latvian State Institute of Wood Chemistry (Latvia); 
• United European Environment Controls Ltd. (Great Britain); 
• Aristotle University of Thessaloniki (Greece). 

 
ECN contribution 
ECN contributed to Work Package, 3 which is divided in:  
 

• Task 1, Perform a market study of renewable biomass/waste streams in European dimen-
sion to summarise data for the potential of biomass/waste streams in power production and  

• Task 3, Perform Lab/bench-scale pyrolysis testing of selected biomass/waste streams and 
analysis of flows, byproducts and energy consumption for mass and energy balance calcu-
lations in order to generate design data for clean solid fuel production from biomass/waste 
streams to be used for the pilot facility in Hungary and generate ~ 8 kg of char per test. 

A literature study resulted in a more comprehensive overview of available biomass waste 
streams for energy conversion and a selection of such streams to be tested on lab/bench-scale to 
generate design data for large-scale pyrolysis facilities. A lab/bench-scale test facility, which can 
generate such data, is the ECN Pyromaat. The design data will be used for the Polgardi pilot facil-
ity in Hungary (Terra Humana).  
 
The current project objective for ECN does not cover investigation into the fate of the above-
mentioned “HAP” components. 
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The biomass potential is described in Chapter 2, the lab/bench-scale experimental program is de-
scribed in Chapter 3. Final conclusions are given in Chapter 4. 
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2. Market study of renewable biomass in European dimension 
(WP 3, Task 1) 

2.1 Introduction 
For energy production biomass and waste streams have the potential to take over a substantial 
part of the role of fossil and nuclear fuels. Partial replacement of fossil fuels by clean solid fuel 
produced from biomass will result in: 1) saving fossil fuel reserves and 2) reduction of green 
house gas emissions because of its short CO2 cycle nature and therefore will contribute to the 
governmental climate control efforts. Because of its complex nature intensive research efforts in 
this field will be necessary. Prior to experimental work it must become clear what the nature and 
amounts of available biomass and waste streams available in Europe and, more specific, in 
some individual countries are. Data on available biomass and waste streams, to be used in en-
ergy conversion processes, in Europe and the Netherlands are available in various reports. How-
ever, a state of the art comprehensive overview is missing and therefore desired. This chapter is 
an attempt to compile the variety of available literature data and information from internal 
communications [1-6, 19] into such an overview. 

2.2 General aspects 
Biomass and waste are energy carriers that do not primarily serve the energy sector, but mainly 
provide for food and raw material. However, there is a worldwide (growing) interest into bio-
mass for various applications and, in particular related to this project, for energy production. 
The two main incentives are 1) saving energy generated by fossil fuels (which has limited re-
sources) and 2) renewability of the energy source. This results in a lesser degree of disturbing 
the carbon dioxide cycle because of its short cycle nature and contributes to governmental cli-
mate control efforts (e.g. reduce green house gas emissions). As biomass can be converted into 
various forms of energy, like heat, electricity and gaseous, liquid or solid fuels, it has the poten-
tial to substitute a substantial part of fossil and nuclear fuel consumption. In combination with 
other forms of renewable energy, like solar and wind, biomass can therefore be regarded as a 
key towards a future renewable energy system. The potential use of biomass and waste streams 
in other industries only increases its importance. 
 
In recent years a variety of studies became available concerning biomass classification, avail-
ability, pre-treatment, transport and utilization technologies. The outcome of these studies 
shows a large uncertainty in estimated and/or calculated/tabulated values on the above-
mentioned issues. This uncertainty originates from the difference in applied accents, assump-
tions and anticipated developments (economical, social, technical, political etc.). Especially 
when model scenario calculations are used to predict future developments, it is not (always) 
clear what the assumptions/choices are with respect to the various parameters, weighing factors, 
etc. Therefore most presented results are indicative and some caution in the interpretation espe-
cially on long-term developments is advised. 
 
In this project the focus is on a (comprehensive) market survey for forest industrial wood and 
by-product generation in the Netherlands and Germany. This includes production potential, 
characterization of different types, alternatives, qualities, barriers of use and evaluation of han-
dling and transport costs. An overview of available utilization technologies, predicted produc-
tion and utilization potential until 2010 will be given including a general overview of the situa-
tion in other European countries. The main sources for this study are the Novem Report 
2EWAB00.21 [1] and a soon to be released ECN report from M. de Noord et al [2]. Further 
more an internal report [3] was used as well as internal private communications [4-6, 19].  
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2.3 Definition of biomass 
In the recent EU directive on renewable electricity, a definition of biomass is given. This defini-
tion was discussed extensively in different commissions and in the European Parliament and is 
likely to be adapted by most European countries: ‘biomass’ shall mean the biodegradable frac-
tion of products, waste and residues from agriculture (including vegetal and animal sub-
stances), forestry and related industries, as well as the biodegradable fraction of industrial and 
municipal waste [2]. 
 
In this definition only the biodegradable fraction of biomass contributes to reduction of CO2 
production because of its short CO2 cycle origin. In essence biomass is a sustainable/renewable 
source as long as natural supply will be sufficient to meet the demand. Plastics derived from oil 
are part of the long CO2 cycle and are not considered to be a sustainable energy source. How-
ever the use of plastics for energy conversion will result in saving PJ of fossil fuel. 

2.4 Availability 
Aspects that may influence the availability of biomass and waste can be summarised and di-
vided as follows: 
 
1) Competition aspects: generation of energy 

production of bio fuels 
food  
reuse (for man and Earth) 

2) Other aspects:  economical 
ecological environmental (bio diversity, soil quality etc.) 

  government policy (legislation, national and global) 
    social (acceptance/ conscience) 
    logistic situation, (infrastructure etc.) 
 
All these aspects depend on how they interrelate and/or have a dominant influence on the deci-
sion making process. The following serves to illustrate this. 
 
In many situations economic (possibly combined with strategic) considerations will dominate 
the decision. One of the easiest examples is the US ignoring the Kyoto protocol (industrial 
country agreement to reduce the production of greenhouse gases) because it has a negative in-
fluence on the US economy. 
From an economical point of view, electricity production from biomass may not be the best op-
tion. In the field of energy production, an alternative would be to transform solid biomass to a 
liquid fuel, which can become competitive to fossil fuels in the transport sector. In principle, the 
market will decide which application is most advantageous: the most profitable application is 
likely to have the highest potential, and this depends on the prices of the products to be substi-
tuted (petrol versus electricity) [2].  
 
The economic suitability strongly will depend on: 
 

• obtain the material (positive or negative market price), 
• collect the specific stream, 
• perform pre-treatment, 
• have it transported from source to utility, 
• process the material at destination (mostly>90% of the total cost). 

 
The volume of production and the market prices are largely influenced by demand and govern-
mental stimuli. A low price for the biomass does not always make biomass to be preferred, ob-
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viously the amount and kind of pollution (or moist content, like in manure) has to be taken into 
account. 
 
The development of new biomass and waste conversion technologies (increasing efficiencies, 
alternative processing options, less remaining waste etc.) will definitely have an impact on the 
availability-numbers of various biomass and waste streams to be used for energy production. 
This means that the rate of competition with other (conventional) technologies is still shifting. 
 
A change in availability is not only a national process but has to be assessed on a global scale. 
Countries with a surplus of usable biomass streams for energy conversion might play a key role 
in a biomass and waste trading market. 
 
Therefore from the range of reports that deal with availability of biomass and waste, a lot of dif-
ferent previsions (as mentioned before) appear. Because of unclearity in determining factors 
they do not necessarily match [2]. This turns an analysis of availability of biomass and waste 
into a very laborious task.  

2.5 Market prices 
It is not easy to get a clear insight into exact prices or price developments. It has been found that 
>90% of the total cost is determined by the cost of processing the biomass, arrived at its destiny. 
Normal market mechanisms will also apply here. If the demand for clean energy-rich bio-
mass/waste stream is higher than the indigenous supply, the prices will rise and the import vol-
ume (if available at a competing price) will become larger. Of course government subsidising 
will have its influence on prices and price development, depending on government policy (part 
of scenario calculations, see below). Currently, the price of a certain biomass waste stream is 
not determined by its applicability for energy conversion but more by the demand as a waste 
stream to be used as a raw material for secondary products. The current value of, a well-defined, 
high calorific material as RDF (Refuse Derived Fuel) on an international level lies at 2.3-2.7 
Euro/GJ. 

2.6 Availability scenarios 
The applied scenario determines the availability of various biomass streams, as predicted by 
model calculations for the future. In [1] three scenarios have been defined, based on which 
statements regarding the expected availability for electricity generation have been made up to 
2020. This report has a global scope, that is, not only inland production has been assessed, but 
also the possibilities for import to the Netherlands from both other EU countries and the world. 
The base case scenario for which the results have been listed is scenario 2. This scenario is ex-
pected to be the most likely scenario to evolve. 
 
Scenario 1 is characterised by:  

• a completely free market and no (strong) governmental regulation, resulting in low 
prices also for energy 

• limited environmental consciousness and social acceptance 
• rise of consumption level of 2%/year 
• and relatively low biomass energy conversion efficiencies 

 
Scenario 2 is characterized by: 

• a free market and an energy price that mounts to 1.5 times the energy price in 1999 
• a strong environmental consciousness and social acceptance 
• newly developed CO2 reduction techniques and implementation of international proto-

cols to stimulate the use of these techniques 
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Scenario 3 is characterised by:  
• no free market resulting in strong governmental regulation 
• fear for environmental disasters resulting in high prices and much interest for biomass 

for energy conversion 
• technological isolation of countries (protectionism) 

 
In collaboration with the so-called “Sounding Board Group” [1] case 2 was defined to be the 
base case (most probable) path for 2020. Scenario 2 appeared to yield the best opportunities for 
biomass utilization.  

2.7 Biomass and waste potential in the Netherlands 
As mentioned earlier, determining the realistic potential for biomass is very laborious. The fol-
lowing discussion on biomass and waste potential has its focal point in the Dutch Novem study 
called EWAB Marching Routes 2020 [1]. In this report 29 different biomass and waste streams 
are identified for energy conversion (see Appendix 1). The total production in 2000 (on wet ba-
sis) amounts to 222PJth and the actual availability is limited to some 116PJth (due to competi-
tion, policy etc.) from which 65PJth is already used. The 29 waste streams are grouped into four 
overall mainstream categories as given in Table 2-1 [5, 6]: 
 
Table 2-1 Estimate of current and future availability for biomass and waste streams for energy 

production based on the three scenarios 
Available in the Netherlands and Europe 

in 2020/2030 (PJth,*) 
Categories 1999 

used 
(PJth) 

Currently 
Available 

(PJth) Scen. 1 Scen. 2 Scen. 3 
  Neth. Eur. Neth. Neth. Eur** Neth. 
Biomass  
residues 

3 15 25.2 4 25-41 1000 16 

Energy crops 
 

0 0 0 0 5-6 1937 7 

Biomass waste 
 

7 19 n.a. 3 57-100 n.a. 24 

Subtotal 
 

10 34 25.2 7 87-147 n.a. 47 

Non biomass 
waste 

56 82 n.a. 61 77-90 n.a. 55 

Total 
 

65 116 n.a. 68 164-235 n.a. 102 

* numbers in PJth on a yearly and wet basis 
** not from scenario studies (M. de Noord, ECN report [2]) 
 
Scenario 1 
This scenario results in a relatively low availability (68PJth, Table 2-1) as a result of low prices 
for energy and its carriers, which makes it unattractive to convert biomass and waste into en-
ergy. 
 
Scenario 2 
As can be seen from Table 2-1, the category non-biomass waste contributes substantially to the 
total amount of available and applied sources. Especially for scenario 2 there is a strong increase 
in residues and waste. This increase is caused by the mechanisms of increased social con-
science, higher prices for energy and energy carriers (biomass and waste) and governmental leg-
islation/stimuli. The range in the scenario 2 data is caused by the assumptions on availability of 
the conversion technologies. A clear 40% increase can be achieved if development of conver-
sion technologies is stimulated. Regardless of the state of technology development, scenario 2 
shows to be the most favourable. 
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Scenario 3 
As can be seen, governmental regulation, fear for environmental disasters and protectionism 
causes a (relatively) low availability for energy conversion. 
 
In all three scenarios import is not included and energy crop use is rather limited. The total en-
ergy production per year in the Netherlands is some 3000PJth [4] and the biomass and waste 
availability will be 164-235PJth in 2020. Therefore, 5-8% of the fossil fuels can be replaced by 
our own biomass and waste recourses. The aim of 10% (~300PJth) cannot be met with indige-
nous sources, hence, import must be considered. 

2.8 Global availability on biomass and waste streams 
The summary given here is mainly based on a separate Novem study called the GRAIN (Global 
Restrictions on biomass Availability for Import to the Netherlands) study [19]. In this study it is 
found that the potential of bio-energy to the future world’s energy supply could be very large. 
The main yearly contributions from various sources are: 
 

• Energy crops on current agricultural land (food excluded), 800EJ (E =1018) 
• Use of degraded lands, 150EJ 
• Organic wastes, 40-170EJ 

 
This amounts to some 1000EJ/Year. The current global energy use is 400EJ/year. The uncer-
tainties in the prediction on a global scale are of a much greater magnitude than they are for the 
Dutch (or any other national) situation. 
 
Some of the factors that are expected to play a role in this field are: 
 

• Population growth and economic development. 
• Technological development of food productivity and worldwide proliferation of it. 
• Feasibility of using marginal/degraded lands. 
• Forest production and sustainable harvest levels (no deforestation). 
• Increased use of biomaterials. 

 
From this it can be seen that bio-energy offers great opportunities for a sustainable supply of 
energy and materials. To meet the demand to replace 10% of the fossil fuel consumption by re-
newable energy sources by 2020, import of biomaterials in the Netherlands will be necessary. 

2.9 Selected biomass/waste streams in the project 
In this project the “non biomass waste streams” are not considered within the project scope. 
From each of the three categories of biomass/waste streams one specific type of biomass/waste 
was selected which is representative for its availability and are therefore candidates to be used 
for energy conversion. The selected types of biomass or waste come from each of the three main 
categories, which are: 
 

• Biomass residues: straw 
• Energy crops: short rotation wood (willow) 
• Biomass waste: used wood, separated and treated 

2.10 Concluding remarks 
To generate a comprehensive overview of available biomass and waste streams to be used for 
energy consumption proved to be a difficult task, although sufficient information has become 
available. However, hard conclusions cannot be drawn from this mainly because of the large 
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uncertainty in the available data. Furthermore, the assumed future social and political develop-
ments contain also a large prediction-uncertainty. Therefore this paragraph restricts itself to 
concluding remarks.  
For the Netherlands detailed numbers are more available than for Europe, especially for waste 
streams. The base case scenario used in the calculation model (characterized by free market and 
energy prices, strong environmental consciousness, social acceptance, newly developed CO2 re-
duction techniques and stimulation of the use of these techniques), leads to the highest numbers 
of biomass and waste availability for energy production in the Netherlands (164-235PJth).  It is 
reasonable to expect this scenario to be valid for Europe as well. From a global perspective it 
becomes clear that bio-energy offers great opportunities for a sustainable supply of energy and 
materials. To meet the demand, set by the Dutch government, to replace 10% of the fossil fuel 
consumption by renewable energy sources by 2020, import of biomaterials in the Netherlands 
will be necessary. 
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3. Lab/bench-scale pyrolysis test of biomass and analysis of by-
products (WP 3, Task 3) 

3.1 Introduction 
The problem area identified for this project is related to the reduction of CO2 (green house gas) 
emissions in the earth's atmosphere. Use of biomass and waste streams for energy production 
can play an important part in this reduction of green house gas emissions because of its short 
CO2 cycle nature. Pyrolysis provides a preventive pre-treatment method for carboniferous mate-
rials by low temperature carbonization in an inert gas atmosphere (usually argon is applied). As 
a result an alternative clean solid fuel is created for energy production in solid-fuel power 
plants.  
For design of large-scale pyrolysis facilities, design data for clean solid fuel production from 
biomass, are not available. A lab/bench-scale test facility, which can generate such data, is the ECN 
Pyromaat (see Figure 3-1and Figure 3-2). The design data will be used for the Polgardi pilot facil-
ity in Hungary (Terra Humana). The experimental objectives are, to perform lab/bench-scale pyro-
lysis testing of selected biomass/waste streams, analysis of flows, byproducts and energy consump-
tion for mass and energy balance calculations in both Excel and with Aspen Plus software and gen-
erate ~ 8 kg of char per test. The current project objective does not cover investigation into the fate 
of the earlier-mentioned hazardous air pollutants (mercury, chlorine, nitrogen and sulphur) com-
ponents.  
The work presented in this chapter describes; the facility, experimental methods, experimental 
conditions and analysis methods used. In the ECN Pyromaat facility, three selected types of 
biomass (willow, straw pellets and demolition wood) at two different pyrolysis conditions 
(350oC and 550oC), were tested during minimal 8 hours of operation. This resulted in ~8 kg of 
secondary fuel (char) per condition. All char production experiments, using the ECN Pyromaat 
facility, have been performed successfully. Analysis of byproducts and registration of in and 
outgoing flows and energy consumption resulted in mass and energy balance calculations with 
reasonable comparison to the experimental values. This generated the required design data for 
clean solid fuel production from biomass/waste streams for the pilot facility in Hungary. 

3.2 Facility 
This facility consists of a screw driven feed bunker (1-10 kg/h) and a horizontally placed screw 
driven pyrolysis reactor operated at (low) temperatures up to 550oC. The maximum operating 
temperature is 700oC. Over the axis of the reactor, gas and solids temperatures are registered 
and gas samples can be taken for analyses. At the end of the reactor a char vessel collects the 
solid residue. Argon is fed with the feedstock as a purge and tracer gas. The pyrolysis gases en-
ter the (vertically positioned) tar cracker/gasifier vessel, which is operated with an oxy-
gen/methane flame. Recently (different from the photograph) the tar cracker vessel was insu-
lated, which improves the thermal properties of the system. As can be seen from Figure 3-1 
there are several utilisation combinations possible. This facility can be operated purely as a py-
rolysis reactor and also as a two-stage gasifier, by utilising the tar cracker at (high) temperatures 
between 1300oC and 1600oC under reducing flame conditions. In this project, the tar cracker is 
operated as a combustor with an excess of oxygen. Finally a gas cleaning unit and a closed af-
terburner are applied. The 25kWth Pyromaat facility has been operational since 1999.  
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Figure 3-1 Flow sheet of the ECN Pyromaat experimental facility 
 

 
Figure 3-2 Photographic representation of the ECN Pyromaat experimental facility 

3.3 Experimental 

3.3.1 Applied biomass/ waste streams 
As mentioned in Task 1, non-biomass waste streams are not included in this project. From each 
of the three categories of biomass/waste streams one specific type of biomass/waste was se-
lected which is representative for its availability and are therefore candidates to be used for en-
ergy conversion: 

• Biomass residues: straw pellets 
• Energy crops: short rotation wood (willow) 
• Biomass waste: demolition wood1 

                                                 
1 Depending on the content of fossil components like plastic, demolition wood can be classified as biomass waste (no 
plastics) of non biomass waste (with plastic). Within this research, demolition wood without plastics was used and 
thus classified as biomass waste. 
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No pre treatment (e.g. drying, sieving) of the feedstock was applied. 

3.3.2 Reference experiment and facility check 
For good comparison of the data, a reference experiment is performed using the same opera-
tional conditions but without biomass in the system. Apart from leakage and stability control 
(especially after insulation of the tar cracker vessel), this generates the amount of energy con-
sumption to keep the empty reactor in operation. This energy consumption is substracted from 
the energy consumption necessary to maintain stable conditions during pyrolysis of the bio-
mass/waste feedstock. In Table 3-1 the conditions for the reference experiment are given.  

Table 3-1 Reference experiment conditions 
Pyrolysis reactor Setpoint 
- Electrical heaters [oC] 550 end 350 
- Ar # flow [ln/min] 
       # temp. [oC] 

20 
315 

Tar cracker  
- burner O2 [ln/min] 87-113 
- burner CH4 [ln/min] 45-55 
- max. temperature [oC] ~ 1600 
- max pressure [mbarg] 200 

 

3.3.3 Experimental conditions 
In Table 3-2 an overview of the experimental conditions for the pyrolysis experiments is given. 
During day and nighttimes the pyrolysis reactor was kept at the setpoint temperature. 

Table 3-2 Experimental conditions 
Type of biomass/ waste fuel Experimental conditions 

Straw Willow Demolition wood 
Pyrolysis reactor    
- particle & size [mm] pellets  

(5dia*10 length) 
chopped  

(avg. 3*7*20) 
shredder 

(great variety) 
- temperature [oC] (1) 550 and  

(2) 350 
(1) 550 and  

(2) 350 
(1) 550 and  

(2) 350 
- feed rate [kg/h] ~3 ~2 ~2 
- residence time [min]* ~24 ~24 ~24 
- Ar # flow [ln/min] 
       # temp. [oC] 

~19.6 
315 

~19.6 
315 

~19.6 
315 

Tar cracker    
- burner O2 [ln/min] (1) 107-114 

(2) 122 
(1) 116 
(2) 122 

(1) 112-115 
(2) 116-121 

- burner CH4 [ln/min] (1) 43-50  
(2) 51 

(1) 44 
(2) 51 

(1) 44-45 
(2) 49 

- max. temperature [oC] ~ 1600 ~ 1600 ~ 1600 
- max. pressure [mbarg] 200 200 200 
- residence time [s]** ~ 2 ~ 2  ~ 2 
*mean residence time of the particles 
**mean gas residence time based on the mean temperature in the tar cracker vessel 
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Residence time and temperature window 
The selected pyrolysis temperatures are based on experience with the Pyromaat. A residence 
time of 20-30 minutes is usually sufficient to reach high conversion, depending on the tempera-
ture and average particle diameter of 4-7 mm. The average solid particle residence time is set to 
be 24 minutes. A temperature of 350oC is the lowest pyrolysis temperature and 550oC marks the 
highest pyrolysis temperature area. For this reason this temperature window is selected.   
 
Tar cracker 
As mentioned earlier, the tar cracker was insulated prior to these experiments, therefore the fa-
cility had to be tested and tuned in order not to exceed 1600oC which is the maximum allowable 
operating temperature inside the tar cracker. The experiments were performed during daytime 
working hours. Therefore only during these periods the tar cracker (methane oxygen) flame was 
in operation and not during the nighttimes. This means that really long term steady state thermal 
conditions for the tar cracker could not be fully met. A slow increase of the temperature in this 
part of the facility is seen in every experiment. Sometimes the power of the flame had to be re-
duced somewhat to stay below 1600oC. 
Furthermore, combustion conditions were chosen for the tar cracker with a small excess of oxy-
gen to avoid the production of reducing gases as H2 or CO and to convert al tar and remaining 
carbon dust and to prevent soot formation in the tar cracker. 
 
Screw feeder, feed rate and char rate determination 
The screw feeder was set, after off line calibration, to the same rotation speed for all experi-
ments. This led to small variation in the actual feed rate for the different feedstocks due to den-
sity differences. Weighing the amount of biomass going into the feeder and weighing the resi-
due after a day of experimenting, determined the actual feed into the reactor during the time of 
performance. Weighing the char vessel at regular intervals provides the char flow data. After the 
stabilisation period the char flow should be stable as well. The char vessels are flushed with ar-
gon before closure and placed directly in a water-cooling bath. During the process when the hot 
particles fall into the char vessel, they are still at a relatively high temperature but as the thin 
walled vessel is in contact with the surrounding air, initial cooling starts immediately and the 
particles are no longer at the process temperature, however some reactions can still occur. 
 
Stabilisation time 
The actual measurement (e.g. gas analysis and temperature profiles) period starts at the moment 
the internal reactor temperature profile of solids and gases is stable. The stabilisation period de-
pends on the actual process conditions (e.g. reactor temperature, biomass feed rate, moisture 
content, density of the feed and the solids residence time in the reactor). As a rule of thumb 
(based on experience), a period of 3 to 4 times the solids residence time is taken for stabilisa-
tion. 

3.3.4 Analysis methods 
Determination of the produced gas flow tar and dust 
Argon is used not only as a sweep gas but also, because of its inert character, as a tracer gas to 
determine the gas flow production during the process of pyrolysis. The argon mass flow control-
ler as well as the analysis device (micro gas chromatograph) needs to be calibrated accurately. 
As the ingoing gas flow of argon is well known and the argon concentration (water and tar free) 
is analysed, it is clear that the produced gases cause the dilution effect. Dividing the argon flow 
by the measured argon fraction (dry base) results in a total (dry based and tar free) gas flow in-
cluding argon which in turn can be substracted yielding only the process gases excluding water 
and tar. 
The produced pyrolysis gas is sampled at the end of the reactor tube, which is directly above the 
char vessel outlet. The gas flows through a heated line into a water-cooled tar-capturing vessel, 
which is used as a pre sample system. Total tar figures can be obtained gravimetrically from this 
vessel, however for this purpose a washing bottle setup was applied also. Exhaust gas is ana-
lyzed directly behind the tar cracker, using the same kind of pre-sample system. At this location 
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dust/carbon in the gas is qualitatively examined. The following types of measurement de-
vices/methods were used: 
 
On line: 

• A micro gas chromatograph is used for measurement of: Ar+O2 (same retention time), 
H2, CO, CO2, H2S, COS, CH4, C2H2, C2H4, C2H6, benzene and toluene. 

• A paramagnetic analyser is used for measurement of: O2. 
• A chemo luminescence analyser is used for measurement of: NOx. 

 
Off line: 

• H2O in the exhaust gas is determined, using P2O5 gravimetric determination (sample 
time = 2 min.). 

• For the incidental tar measurements (demolition wood experiments), a sequence of a tar 
trap (70oC) and a water condenser trap (5oC) was used (sample time = 15 min.), better 
known as the gas washing bottle method. At the end of the program also a few total 
(gravimetric) tar measurements (from the pre-sample system) were performed. 

• HCl is (incidentally) analysed with standard wet chemical analysis. 
• CxHy (x= 3 to 6 alkanes and alkenes), was determined with a gas chromatograph. 
• A few carbon/dust (non isokinetic, therefore indicative) measurements were taken. 

  
Feedstock and char 
The feedstock is analyzed using the standard proximate and ultimate analysis method. However 
the amount of ash in the feedstock and char was determined at 550oC (special biomass ash de-
termination protocol NEN-ISO 1171). The oxygen content was calculated by difference. The 
water content of biomass can fluctuate depending on the atmospheric humidity conditions. 
Therefore shortly before the experiment a sample of the feedstock was taken only for re deter-
mination of the water content. 

3.4 Results, discussion and conclusions 

3.4.1 General 
An overview of the performed experiments and results is given in Appendix 2. All the feed-
stocks were pyrolysed successfully at both temperatures (350oC and 550oC), and resulted in 
some 8 kg of secondary fuel. In Figure 3-3 samples of the feedstocks are compared to the ob-
tained chars for both process temperatures. To gather enough char each experiment lasted two 
days. 
 

 
 
Figure 3-3 Applied feedstocks and the corresponding chars at 350°C and 550°C 
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The collected char was sent to Aristotle University of Thessaloniki in Greece and the Rostock 
University in Germany for further analysis and testing as part of Work Package 3 of this joint 
Multifuel project. The applied biomass feed rate in the reactor had no effect on the pyrolysis re-
actor vessel external heater temperature, only on the power consumption. Before discussing the 
results some remarks are made regarding experience with the gas analysis equipment, the feed-
ing system and water analysis techniques. 
 
Experimental validity of gas analysis 
Initially, mass balance calculations could not be closed within ~20%. After checking all possi-
ble areas that could cause this unbalance, it appeared to be a problem with the micro gas chro-
matograph. The concentrations of argon (tracer gas) and also CO2 were not determined accu-
rately. The accuracy of the argon measurement has a strong impact on the mass balance calcula-
tions. Especially when argon values are relatively low, a small deviation in measurement (abso-
lute numbers) results in a large relative error. Therefore more accurate calibration of the micro 
gas chromatograph for argon and CO2 concentration was required. After recognizing the prob-
lem area, separate calibration measurements were performed, in retrospect, to obtain the correc-
tion factors for argon and CO2.  
 
Feeding behavior 
The feeding of straw pellets was very stable. Willow showed minor fluctuations and demolition 
wood was the most difficult material to feed (an in between adjustment of the feeding system 
was needed). Feeding problems can be treated by adjustment of the feeder screw diameter and 
feeder pipe diameter. The difference in feeding behavior is directly related to how homogeneous 
the particle size, shape and particle density of the feed is distributed. Straw pellets have the best 
and demolition wood the worst properties related to feeding in this experimental program. For 
this reason, not all experimental data are that suitable for balance calculations. 
 
Water analysis 
It was also judged that, for representative measurement of the H2O concentration in the exhaust 
gas of the tar cracker, longer sampling times were necessary. This is caused by the relatively 
large and long-term biomass feeding fluctuations. The H2O measurement results (2 min. sample 
time) are therefore too much time dependent. The steady (large) flow of CH4 and O2 through the 
burner of the tar cracker has a dampening effect on process fluctuations, but the fluctuations are 
still in the range of several % points. Therefore, the water measurements in the exhaust gas can 
best be seen as indicative. In Appendix 3 the calculated H2O concentrations are given, which are 
also used for further balance calculations. The calculated concentrations were generally a few % 
points. higher than the measured values. The measured values per experiment fluctuated also a 
few % points. 
At the end of the pyrolysis reactor, H2O measurements using P2O5 were disturbed by the pres-
ence of tar components and proved not to be representative, let alone quantitative.  

3.4.2 Yields and power consumption 
In Appendix 2 the results for char yields, power consumption at realised process conditions are 
given. Appendix 3 gives an overview of the (corrected) gas analysis results from the experi-
ments selected for reporting. Appendix 4 and 5 show the corresponding proximate/ultimate 
analysis results. 
From Appendix 2 it can be seen that, as expected, the volatile yield is higher at higher operating 
temperature. The temperature readings of the external electrical heaters of the pyrolysis reactor 
are very stable and vary 1 to 2 degrees centigrade. There is no difference in these temperature 
readings with or without biomass in the reactor. This means that the power supply will be no 
limiting factor. Only the registered power consumption, of all 24 electrical heater elements, in-
creases when feeding of biomass starts. In Table 3-3 the normalized power consumption data 
are given for the selected experiments. 
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Table 3-3 Normalized power consumption data for the selected experiments 
Experiment 
Number* 

Feed Temperature 
[ºC ] 

Feedrate 
[kgar/hr] 

Power  
[kWe] 

Specific 
Power  

[kWe/(kgar/hr)]
150 Straw 550 3.03 -0.37 -0.122 
159 Straw 350 3.03 -0.33 -0.109 
179 Willow 550 2.18 -0.30 -0.138 
171 Willow 350 2.12 -0.36 -0.170 
192 Demolition Wood 550 1.90 -0.29 -0.153 
183 Demolition Wood 350 1.79 -0.24 -0.134 
* Internal ECN Pyromaat experiment registration number 
 
The power consumption for the conversion process can best be related to the gas yield results, 
which reflects the degree of conversion that is realised. The volatile yields for willow are the 
highest, at 350oC ~68% and at 550oC ~77%. The volatile yield of demolition wood is, at 350oC 
~60% and at 550oC ~73%. This lies in the same order of magnitude. As willow possesses the 
highest water content, it seems logic that this material is expected to consume the most energy 
for conversion in comparison between these two. At 350oC this is the case but not at 550oC. It is 
however also not expected that the willow conversion process at 550oC will consume less en-
ergy than at 350oC. At this point this discrepancy cannot be explained. 
The lowest energy consumption for straw seems reasonable, as the conversions are the lowest, 
volatile yield at 350oC is ~46% and at 550oC 61%. 

3.4.3 Temperature profiles 

3.4.3.1 Straw pellets 
Gas phase 
In Figure 3-4, the axial gas temperature profiles as they develop during the experiment are given 
for the straw pellets experiments. The upper figures represent the 550oC and the lower the 
350oC experiments.  
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Figure 3-4 Axial gas temperature profiles of the straw pellets experiments 
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The temperature difference (right hand side) represents the difference between the stable final 
temperature (last hour of the experiment) and to the stable pre experiment temperature.  
The following can be observed: A stable temperature profile in the reactor was established be-
fore feeding biomass. If the feeder is brought on line, a new gas phase temperature profile is 
built over time. After some 2.5 hours (stabilisation time), new stationary conditions were estab-
lished.  
As can be seen, the initial thermocouples do not reach the reactor setpoint temperature. The 
incoming stream of argon, which has a maximum temperature of 315oC, causes this. At a 
reactor process temperature of 550oC the temperature difference of the initial thermocouples is 
expectedly larger than at 350oC. This effect gets less in axial direction but is seen throughout 
almost the entire length of the reactor. These figures also illustrate that at 550oC the gas phase 
reaches the reactor setpoint temperature quicker than at 350oC.  
The temperature decrease in the gas phase is caused by the release of water and volatiles from 
the biomass feed. This consumes energy and has a cooling effect, which will gradually 
disappear towards the end. This indicates that volatilisation decreases and ends for 550oC at 
20% and at 350oC at 39% of the reactor length. 
 
Solid phase 
In Figure 3-5 axial temperature profiles are presented for the solid phase. Also in the solid phase 
thermocouples, the effect of the argon stream is felt in the readings of the thermocouples but to 
a lesser degree compared to the gas phase. The low temperature of thermocouple 19 (green line) 
at 550oC is due to the fact that this couple is situated at the outlet of the reactor close to the char 
vessel, which serves as a heat sink. But at a low reactor setpoint this thermocouple reads some-
what higher than the setpoint because of heating effect of the 1600oC tar cracker. These readings 
do not disturb the interpretations of the results.  
During these experiments thermocouples 10 and 11 regretfully failed.The temperature profile of 
thermocouple 9 at 550oC (light blue line) differs from expectation halfway the experiment as it 
suddenly increases. This effect is caused by reduction of the biomass feed rate caused by an al-
most empty feeder. After feeder refill, the initial pattern was restored. 
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Figure 3-5 Axial solids temperature profiles of the straw pellets experiments 
 

ECN-C--05-077  25 



Thermocouple 9 (65 mm from solids entrance) shows a clear endothermic effect just as ob-
served in the gas phase. This effect is somewhat more pronounced at 350oC (∆T = -33oC) than 
at 550oC (∆T = -22oC).  
At 550oC thermocouple 12 (at 290 mm) shows a distinct temperature rise above the reactor set 
point temperature. It seems not to be a transient effect (overshoot) but a definite stable effect 
possibly due to an overall exothermic effect in the solid phase. This phenomenon is also seen at 
350oC but further down the reactor and the temperature rise is smaller than at 550oC. Because of 
the lower reactor setpoint temperature, the solids gas release and decomposition processes are 
slower and take a longer period of time to reach finalisation. Again it is mentioned that the gas 
temperature readings are quite different from the solid phase temperature readings revealing 
discerning information during this process. This indicates also that the reactor load is not too 
high (the solid phase particles do not reach the gas phase thermocouples). 

3.4.3.2 Willow 
Gas phase 
The results axial temperature profiles of the willow experiments at 550oC and 350oC are pre-
sented in Figure 3-6 and Figure 3-7.  
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Figure 3-6 Axial gas temperature profiles of the willow experiments 
 
The trends in gas phase temperature profiles differ slightly from the straw pellets experiments. 
The temperature decrease is a little less in all the reactor sections and at 350oC with straw it 
takes a little more time to reach the reactor setpoint in the gas phase. This might be caused by 
the denseness of straw pellets (~680kg/m3) compared to the chopped willow particles 
(160kg/m3), which lengthens the process especially at lower reactor temperatures. 
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Figure 3-7 Axial solids temperature profiles of the willow experiments 
 
Solid phase 
In Figure 4.5 the solid phase axial temperature profiles show a nice trend as thermocouples 10 
and 11 are replaced. Apart from small differences, the trends are the same as for straw pellets. 
The initial temperature decrease is a little less caused by density differences as mentioned be-
fore. The exothermal effects are in the same order of magnitude and seem to appear at the same 
location. The maximum temperature is reached after 16% of the reactor length. However it is a 
pity that this cannot be confirmed with straw pellets because of the failing thermocouples. 

3.4.3.3 Demolition wood 
Gas phase 
The results of the axial temperature profiles for the demolition wood experiments at 550oC and 
350oC are presented in Figure 3-8. As can be seen the trends are the same as before. Compared 
to willow, demolition wood does not show as much cooling. Both materials are equally dense 
but demolition wood carries the least amount of water, which explains the faster heating rate in 
the reactor.  
 
Solid phase 
The solid phase behaviour of demolition wood is presented in Figure 3-9 for both pyrolysis tem-
peratures. At 550oC the first solid phase thermocouple does not registrate an endothermic effect, 
from which it is suggested that this will have taken place even before that. This explains why 
the gas phase thermocouples also read higher than with the other experiments. It is also seen 
that the exothermal effects are approximately a factor two higher (for both temperature regimes) 
compared to the other feedstocks. 
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Figure 3-8 Axial gas temperature profiles of the demolition wood experiments 
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Figure 3-9 Axial solids temperature profiles of the demolition wood experiments 
 
Willow and demolition wood do not differ that much in composition except for the water con-
tent. It could be that the water content causes the difference in thermal behaviour between wil-
low and demolition wood. The behaviour of straw compared to the other two feedstocks might 
be caused mainly by the difference in feedstock density and ash content.  
 
A lot has been written by a variety of researchers about thermal phenomena in the biomass solid 
phase during pyrolysis (see literature references [7-18]). 
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3.4.4 Byproducts distribution profiles 
The figures in this paragraph are based on Excel mass balance calculations where produced tar 
and reaction water are used for balance closure. In the Aspen Plus model (next paragraph) these 
compounds can be calculated separately. As mentioned before gas phase fluctuations due to 
fluctuations in the feed rate do not disturb the hourly average numbers much.  
The gas analysis results after the tar cracker (see Appendix 3) show that the main components 
are Ar, CO2 and H2O, accompanied by a few ppmv NO and excess O2. The excess O2 is an unre-
liable figure because O2 reacts (random) with parts of the internal materials of the reactor sys-
tem and therefore withdraws itself partly from the balance. It appeared (from mass balance cal-
culations) that these deviations were relatively minor. The balance-calculated water amount is 
used here. The trends of the components relative to the process conditions will be generally dis-
cussed in this section.  
 
In Figure 3-10 the normalized (based on dry basis feed) distribution profiles of measured by-
products as char, water free reaction gases and balanced tar and reaction water is given. 
From this figure the following can be observed: 

• As expected, the char yield decreases with increasing temperature for all feedstocks; the 
yields are highest for straw and lowest for willow. Subsequently the reaction gas yield 
increases with increasing temperature for all feedstocks. This amount is relatively high 
for willow and low for demolition wood.  

• The tar and reaction water yield (balanced value) increases also with the temperature 
except for willow, which is not expected. At higher pyrolysis temperatures generally 
more tars and reaction water are generated. 
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Figure 3-10 Total distribution profiles 
 
The reason for the demolition wood to produce the lowest amounts of total gases compared to 
willow and straw can partly be explained as follows. Demolition wood has, for a low ash con-
tent material, a relatively low amount of volatiles and fixed carbon is relatively high. Therefore 
the amount of char is higher compared to willow (also low ash content material). And of course, 
demolition wood is quite different from willow and straw (apart from ash content and volatiles) 
based on its heterogeneous composition (various types of clean wood, painted wood, chip 
board, small glass, foam and stone particles etc.). It is expected that more tars will be produced 
with this material. 
 The high char amount with straw is partly caused by the high ash content. The high gas yield of 
willow comes mainly from the high amount of volatiles and the low ash content.  
 
In Figure 3-11 the yields of main four permanent gas components (H2, CH4, CO and CO2) are 
given.  
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Figure 3-11 Distribution profiles for H2, CH4, CO and CO2  
 
From this figure it is seen that: 

• All four main gas component yields increase with increasing temperature. 
• Lowest values are found for demolition wood. 

 
In Figure 3-12 the normalized low volume % gas components (C2H4, C2H6 and C2H2) are given. 
From this figure it is seen that: 

• All three low volume % gas component yields increase with increasing temperature. 
• C2H4 is the dominant component for all experiments. Highest yields come from willow 

and lowest from demolition wood.  
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Figure 3-12 Distribution profiles for C2H4,, C2H6, and C2H2 
 
In Figure 3-13 the normalized ppmv range gas components (benzene and toluene) are given. 
From this figure it is seen that: 

• Both ppmv range gas component yields increase with increasing temperature. 
• Benzene is the dominant component. Highest yields come from willow and lowest from 

demolition wood. 
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Benzene and Toluene gas distibution profiles
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Figure 3-13 Distribution profiles for Benzene and Toluene (as dry based yields) 
 
In general it can be stated that the trend in total gas production levels is mirror imaged by the 
separate components. Demolition wood shows the poorest gas yield of the three investigated 
feedstocks and willow the highest. This is explained by the fact that demolition wood produces 
the largest amount of tar instead of the permanent gases such as given in Figure 3-11, Figure 
3-12 and Figure 3-13. 

3.4.5 Mass balance calculations 
The balances presented in the first section are overall balances including combustion in the tar 
cracker and are calculated using the Excel spreadsheet. What happens in between (during pyro-
lysis) was of no concern in this approach because no separate balance could be made manually 
over the pyrolysis reactor as water and tar could not be determined accurately. These calcula-
tions serve as input files for an Aspen Plus model with a specially, for these experiments, writ-
ten Fortran routine, which calculates combined mass and energy balances for the total system 
but also for the pyrolysis section separately. For the pyrolysis section an extra amount of some 
of the elements are used to fulfil elemental balance closure. With respect to tar and water pro-
duction this causes little different end numbers. Especially the numbers for ash, oxygen and ni-
trogen had to be adjusted somewhat in to reach a balance situation. The end numbers of CO2, 
H2O and Ar of course are the same. 

3.4.5.1 MS Excel calculations 
In this manual approach, first of all water closure balance calculations are performed (see Table 
3-4). All calculated streams of water into the reactor (moisture content) and all water produced 
in the process based on hydrogen (H-feed minus H-char) and the water produced by the meth-
ane burner determines the amount to be found after combustion. This amount can then be com-
pared to the measured values at that location. CO2, Ar and H2O are the main components here 
(no tar or dust present). There is also a little surplus of oxygen. As oxygen is very reactive, 
(with the systems inner metal components) this balance is expected to show the largest devia-
tion from closure. Impurities in the main gas streams were taken into account (Ar is present in 
CH4 and O2). 

ECN-C--05-077  31 



 
Table 3-4 Balanced H2O mass flows 

Reg 
Nr 

Feed 
type 

Temp. 
[oC] 

H2O  
from CH4 

[kg/h] 

H2O 
 from moist 

[kg/h] 

H2O  
from H in (feed- char) 

[kg/h] 

H2O  
calc. in = out  

[kg/h] 

H2O 
calc.  

[vol. %] 

150 Straw 550 4.30 0.15605 1.10 5.55 57.54 

159 a Straw 350 4.95 0.15605 0.86 5.97 59.49 

179 Willow 550 4.22 0.28994 0.87 5.38 56.45 

171b Willow 350 4.90 0.28196 0.68 5.86 58.12 

192 a Demol W 550 4.32 0.08145 0.82 5.22 56.24 

183 Demol W 350 4.76 0.07554 0.66 5.49 56.86 
 
The calculated H2O vol.% was usually a little higher (4-10 %) than the measured ones with 
P2O5. This is caused by the time dependent nature of H2O measurement as mentioned before. 
With these balance-closed numbers for H2O, the balance for Hydrogen was drawn (see Table 
3-5). This balance closes quite nicely (minor H-losses), which comes as no surprise as the H-
balance depends largely on the H2O balance.  
 
Table 3-5 Mass balance results for hydrogen based on water closure 

Reg 
Nr 

Feed 
type 

Temp. 
[oC] 

H  
in moist 
[kg/h] 

H 
 in feed 
[kg/h] 

H 
 in burner 

[kg/h] 

H  
in Total 
[kg/h] 

H 
 out Char 

[kg/h] 

H  
out H2O 
[kg/h] 

H  
out Total 

[kg/h] 
H 

balance % 

150 Straw 550 0.02 0.14 0.48 0.63 0.015 0.62 0.63 -0.14 

159 a Straw 350 0.02 0.14 0.55 0.71 0.042 0.66 0.71 -0.14 

179 Willow 550 0.03 0.11 0.47 0.61 0.010 0.60 0.61 -0.14 

171b Willow 350 0.03 0.10 0.55 0.68 0.028 0.65 0.68 -0.15 

192 a Demol W 550 0.01 0.10 0.48 0.59 0.012 0.58 0.59 -0.15 

183 Demol W 350 0.01 0.10 0.53 0.63 0.023 0.61 0.63 -0.15 
 
The carbon balance (Table 3-6) is independent of the H2O, H an O balances and closes within 
the 5% range. 
 
Table 3-6 Mass balance results for carbon 

Reg 
Nr 

Feed 
type 

Temp. 
[oC] 

C  
in feed 
[kg/h] 

C 
 in burner 

[kg/h] 

C  
in Total 
[kg/h] 

C 
 out Char 

[kg/h] 

C  
out CO2 
[kg/h] 

C  
out Total 

[kg/h] 
C 

balance %

150 Straw 550 1.05 1.43 2.48 0.48 1.93 2.41 -2.72 

159 a Straw 350 1.05 1.65 2.70 0.69 1.92 2.61 -3.43 

179 Willow 550 0.84 1.41 2.25 0.36 1.85 2.20 -2.19 

171b Willow 350 0.82 1.63 2.45 0.41 1.94 2.35 -4.26 

192 a Demol W 550 0.82 1.44 2.26 0.38 1.85 2.23 -1.64 

183 Demol W 350 0.76 1.59 2.35 0.43 1.80 2.24 -4.94 
 
The oxygen balance (Table 3-7) depends on both the hydrogen and carbon balance and closes a 
little less compared to carbon. This is not surprising knowing the reactive nature of oxygen in 
the system. Oxygen shortage was already observed during the reference measurements (without 
feeding biomass). 
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Table 3-7 Mass balance results for oxygen 

Reg 
Nr 

Feed 
type 

Temp. 
[oC] 

O 
 in moist 

[kg/h] 

O 
 in feed 

kg/h 

O 
 in burner

[kg/h] 

O 
 in Total
[kg/h] 

O  
out char 
[kg/h] 

O 
 out H2O

[kg/h] 

O2  
out 

[kg/h] 

O 
 out CO2 

[kg/h] 

O  
outTotal
[kg/h] 

O 
balance %

150 Straw 550 0.14 1.11 9.76 11.01 0.06 4.94 0.38 5.16 10.54 -4.28 

159 a Straw 350 0.14 1.11 10.40 11.65 0.18 5.31 0.37 5.13 10.98 -5.65 

179 Willow 550 0.25 0.89 9.87 11.01 0.04 4.78 0.72 4.92 10.47 -4.81 

171b Willow 350 0.25 0.89 10.40 11.54 0.13 5.21 0.60 5.18 11.12 -3.52 

192 a Demol W 550 0.07 0.86 9.77 10.71 0.05 4.64 0.52 4.93 10.14 -5.23 

183 Demol W 350 0.07 0.80 10.33 11.20 0.15 4.88 0.83 4.81 10.67 -4.56 
 
Finally a check was made for ash in and out of the system (Table 3-8). With low ash content 
materials this is always a very tricky issue. A small deviation in ash analysis measurement leads 
to large relative errors. 
 
Table 3-8 Ash balance results for the three feedstocks 

Reg 
Nr 

Feed 
type 

Temp. 
[oC] 

ash fraction 
in 
[-] 

feed in 
[kg/h] db 

ash in 
[kg/h] 

ash fraction 
out 
[-] 

char out 
[kg/h] db 

ash out 
[kg/h] 

ash 
balance % 

150 Straw 550 0.193 2.87 0.55 0.496 1.13 0.56 1.22 

159 a Straw 350 0.193 2.87 0.55 0.379 1.49 0.56 1.94 

179 Willow 550 0.013 1.89 0.02 0.062 0.44 0.03 11.85 

171b Willow 350 0.013 1.84 0.02 0.050 0.60 0.03 27.00 

192 a Demol W 550 0.021 1.85 0.04 0.077 0.49 0.04 -3.27 

183 Demol W 350 0.021 1.71 0.04 0.074 0.67 0.05 37.24 
 
If we compare the ash balance results with the ash content of the feedstocks (straw: 19.26 wt%, 
willow: 1.28 wt%, demolition wood: 2.11 wt%), the result will not be surprising. 
 
In this approach only the total amount of both reaction water and tar produced in the pyrolysis 
reactor can be calculated. Little can be said about how both of these compounds are divided, let 
alone what the overall composition of the tar will be. The Aspen Plus approach is quite different 
in that respect and will be discussed in more detail in the next section. 

3.4.5.2 Combined mass and energy balance calculations 
For the combined (more sophisticated) mass and energy balance calculations the Aspen Plus 
program with dedicated Fortran subroutines for pyrolysis was used. An Aspen flow sheet is 
given in Figure 3-14. 
 
Aspen balance approach and input: 

• Measured temperatures 
• Measured input gas and biomass flows 
• Measured char out of the Pyromaat 
• Proximate/ultimate data 
• Measured concentrations and Excel calculated flows of the pyrolysis byproducts 
• The initial tar composition values are based on various tar measurements from other ex-

periments 
• Cp and LHV values are based on the Aspen Plus physical properties data base 

 
Because the error in ash content is relatively large, the ash in and out is also manually balanced. 
This resulted in an adjustment of the proximate and ultimate input file at the expense of oxygen 
(which was calculated by difference). Also minor corrections were necessary to compensate for 
the small amount of extra nitrogen in the system. 
 

ECN-C--05-077  33 



 

 

 

Qkraker 
 

Qpyromaat 

 

Fluegas 

 

Argon  

Pyrogas
 

Kracker 
Pyromaat 

 

Biomass 

 

O2 
 

CH4 
 

Char 

 

Argon 
 

Qchar 

 
Figure 3-14 Aspen Plus flow sheet of the Pyromaat facility and tar cracker 
 
Balance over the pyrolysis reactor 
In Aspen Plus, initially the amount of water produced in the process is set followed by an 
atomic balance calculated amount of tar for which different elemental combinations of the tar 
(CaHbNcOd) can be assumed (special Fortran subroutine). The initial tar composition values are 
based on various tar measurements from earlier ECN experiments (where willow at 500oC and 
550oC was investigated). Subsequently, a water to tar ratio can be introduced resulting in both a 
different H2O/tar ratio as well as tar composition. In the first calculation the average tar values 
are used which results in a certain water/tar split ratio and an energy consumption value for the 
pyrolysis process. Changing the H2O/tar ratio consequently has its effect on the energy balance 
numbers. From ingoing energy streams (chemical and sensible) minus the total chemical and 
sensible heat leaving the Pyromaat, the energy effect for the (overall) pyrolysis process is calcu-
lated (QPyromaat). Off course the underlying Cp values and LHV values come from a database 
used for comparing experiments in the past. It must be mentioned that these values were not 
evaluated in this project. 
Because willow tar elemental composition data were available, these will be presented here. A 
positive Q value in the Aspen Plus output means an overall exothermic effect is occurring 
(negative is therefore endothermic).  
The calculated value for QPyromaat  (willow 550oC) = -0.37 kWth. If we compare that with our 
measured energy consumption value this value is -0.30 kWth. This matches in the order of mag-
nitude. The main uncertainties that determine the Aspen Plus outcome are the following: 
 

• the assumed LHV and Cp values and the elemental composition of the tar in the model 
might not be that accurate for the applied biomass/ waste stream. 

• the model does not account for the heat losses during the process 
 
However with these reasonably good results, it seems possible to match experimental values 
with modelling work in Aspen Plus. This will result in more reliable design data. For even bet-
ter thermal evaluation it is recommended that in future testing all tar elemental compositions are 
determined as well as their LHV and Cp values. This however is quite costly. 
For the other experiments the calculated data are not given here. The reliability of the calcula-
tions is too uncertain as this tar composition is certainly not applicable for these other bio-
mass/waste streams and the other process temperatures, these data will not be very reliable. In 
future work validated input data (eg tar composition) is necessary.   
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Balance over the entire system 
In Figure 3-15 the mass and energy streams are given for the system including the tar cracker. 
Used input data for the Tar cracker reactor: 
 

• Water free gases (at process temperature), as measured (CH4, H2O, N2, CO, H2, benzene 
and toluene), at the process temperature.  

• The calculated amount of tar and water in the pyrolysis reactor at the process tempera-
ture. 

• The amount of CH4, O2 for the burner and some extra argon introduced with these 
gases.  

 
The cracker is treated as a simple Gibbs (minimalisation of Gibbs free energy) reactor. The in-
going streams are converted into five components (Ar, N2, CO2, O2 and H2O), which are ex-
perimentally determined. The extra loop attached to the tar cracker has to do with theoretical 
conversion of unconventional tar compounds into conventional ones. This purely calculation 
routine has no effect on the outcome. The tar cracker temperature is in reality not just one tem-
perature but a temperature profile. In Aspen the average temperature is taken for the calcula-
tions.  
 

 
Figure 3-15 Aspen mass and energy balance calculations for the willow 550oC experiment 
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4. Conclusions 

Market study biomass waste availability 
• Information has become available regarding the availability of biomass and waste 

streams. 
• The most likely calculation scenario (characterized by free market and energy prices, 

strong environmental consciousness, social acceptance, newly developed CO2 reduction 
techniques and stimulation of the use of these techniques), leads to the highest numbers 
of biomass and waste availability for energy production (for the Netherlands 164-
235PJth). 

• Three streams were selected from the three main biomass categories because of their 
availability for energy conversion: 

o Willow from the category energy crops; 
o Straw from the category biomass residues; 
o Used wood, separated and treated from the category biomass waste. 

• To meet the demand, set by the Dutch government, to replace 10% of the fossil fuel 
consumption by renewable energy sources by 2020, import of biomaterials in the Neth-
erlands will be necessary.  

 
Experimental 

• All char production experiments, using the ECN Pyromaat facility, have been per-
formed successfully.  

• In the char ash, most elements will accumulate at both temperatures. Some odd numbers 
could not be explained. 

• Exothermic reactions were observed in the solid phase, which differ slightly for each 
feedstock. These effects are known and described in the literature as well. The origin 
however is due to the complex nature of biomass and its reactions and is not explained 
with full consensus.  

• All 4 main gas component, low volume % gas component and ppmv range component 
yields increase with increasing temperature. 

• Lowest values are found for demolition wood at both temperatures and highest values 
are found for willow at 550oC. 

 
Mass and energy balance calculations 

• The excel calculations showed nice mass balance closure for all experiments except for 
the ash balances for the low ash containing feedstocks. 

• The Aspen Plus model calculation for willow at 550oC showed reasonable confirmation 
of the experimental measurements and will therefore give also valid numbers for water 
and tar production during the pyrolysis experiment. The results can be used for model-
ling or operating a larger scale pyrolysis reactor for the production of secondary clean 
biomass/waste derived fuel.  

• The (small) deviation from the measured energy consumption for the process is due to: 
o No validated LHV and Cp numbers available. 
o No available tar composition numbers for the other feedstocks and temperatures 

than willow at 550oC. 
o The heat losses are not included in the model calculations. 
o Also the unbalance in the ash figures had to be corrected manually. 

• Mass and energy balance calculations, although reasonably successful, and can be im-
proved by incorporating more validated data into the Aspen Plus database (e.g. meas-
ured LHV and Cp values, tar composition) and incorporating process heat losses.  
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Appendix 1 Waste classification 

 
The 29 identified waste streams [1] grouped in four mainstreams. 
 
1) Energy crops: 1. Short rotation wood 
   2. Rape seed 
   3. Miscanthus 
2) Biomass residues: 4. Woody biomass from orchard & horticulture 
   5. Forestry residues (e.g. roundwood, thinnings) 
   6. Straw (grain, wheat) 
   7. Rape seed straw 
   8. Hemp (e.g. fibres, stalks) 
   9. Hay of grass seeds  
   10. Poultry manure 
   11. Manure 
3) Biomass waste: 12. Clean wood residues 
   13. Used wood, separated & treated 
   14. Verge grass 
   15. Sludge from sewage treatment plant 
   16. Swill 
   17. Residues from food & beverage processing industry 
   18. Vegetable, fruit and garden waste (VFG) 
   19. Used paper, cardboard 
   20. Recycled & separated textile 
4) Non biomass waste: 21. Recycled & separated plastics 
    mixtures  22. Used car tyres 
   23. Shredder material 
   24. Small household refuse  
   25. Large household waste (furniture etc.) 
   26. Demolition wood*) 
   27. Industrial waste  
   28. Office, shop and services waste  
   29. Municipal waste 
 
*) Depending on the content of fossil components like plastic, demolition wood can be classi-
fied as biomass waste (no plastics) of non biomass waste (with plastic). Within this research, 
demolition wood without plastics was used and thus classified as biomass waste. 
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Appendix 2 Results of power consumption flow rates and char yield of the performed experiments 

 Feed Char Date 
2003 

Exp. 
nr. 

Type of experi-
ment 

Temp.[oC] / feed 

O2 / CH4 
set [ln/min] 

Average 
power use 

[kWe] - /+* 
Time 
[H:m] 

Flow 
[kg/h] 
db** 

Total  
[kg] 
ar** 

Flow 
[kg/h] 

db 

Total  
[kg] 
db 

Yield 
%  
db 

Volatile 
yield 

% 

Average 
char yield ratio 

350/550oC***** 

14/04 152 550 / ref.+ straw 112 / 45 1.03 / 1.35 0:36 2.874 n.d.      n.d. n.d. n.d. n.d.
15/04 150 550 / straw 111 / 43 1.03 / 1.40 8:10 2.874 24.73 1.134 9.20 39.3 60.7 
16/04 159 350 / straw 122 / 51 0.53/ 0.86 4:48 2.874 14.49 1.490 7.10 51.8 48.2 
17/04 160 350 / straw 122 / 51 0.53 / 0.85 2:00 2.874 6.06 1.540 3.07 53.6 46.4 

 
~1.3 

22/04 166 350 / willow 122 / 51 0.53/ 0.87 3:36 1.838 7.62 0.99*** 3.57   
23/04 171 350 / willow 122 / 51 0.53 / 0.89 6:55 1.838 14.65 0.600 4.15 32.6 67.4 
24/04 172 350 / willow 122 / 51 0.53 / 0.82 2:49 1.838 5.97 0.580 1.63 31.6 68.4 
25/04 177 550 / willow 115 / 44 1.03/ 1.33 5:39 1.890 12.29 0.437 2.47 23.1 76.9 
28/04 178 550 / willow 115 / 44 1.03 / 1.34 6:37 1.890 14.40 0.441 2.92 23.3 76.7 
29/04 179 550 / willow 115 / 44 1.03 / 1.33 5:32 1.890 12.04 0.440 2.41 23.3 76.7 

 
 

~1.4 

03/06 183 350 / dem.wood 121 / 49.5 0.53 / 0.77 5:33 1.714 9.94 0.670 3.70 39.1 60.9 
04/06 184 350 / dem.wood 116.5 / 49 0.53 / 0.66 4:17 1.255**** 5.60 0.44 1.88   
05/06 185 350 / dem.wood 118.5 / 49 0.53 / 0.77 5:03 1.714 11.42 0.790 **4.0 46.1 53.9 
06/06 192 550 / dem.wood 114.6 / 45 1.03 / 1.25 7:56 1.849 15.28 0.490 3.86 26.5 73.5 
10/06 193 550 / dem.wood 112 / 44 1.03 / 1.32 6:50 1.820 13.40 0.500 3.42 27.5 72.5 

 
 

~1.4 

* means energy consumption of a heated empty reactor, + means energy consumption during stable reactor operation with biomass 
** db = dry based and ar = as received 
*** numbers are out of range and were discarded 
**** feeding problems  
***** the char yield ratio is defined as the char yield at 350oC divided by the char yield at 550oC  
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Appendix 3 Gas analyses results (db) of selected experiments 

 

Component    straw pellets 350oC straw pellets 550oC willow 350oC willow 550oC demolition wood 350oC demolition wood 550oC 
 #4*  #7*     #4 #7 #4 #7 #4 #7 #4 #7 #4  #7
H2, vol%             3.03 0.00 5.34 0.00 2.33 0.00 3.83 0.00 0.00 0.00 1.28 0.00
Ar, vol%             67.47 23.21 60.88 23.01 74.75 22.33 63.30 22.69 90.46 22.63 79.57 23.19
O2, vol%             0.00 5.19 0.00 5.22 0.00 8.08 0.00 9.93 0.00 11.37 0.00 7.31
N2, vol%             0.28 0.64 0.57 0.90 0.53 0.55 0.49 0.59 0.34 1.07 1.40 1.25
CH4, vol%             5.05 0.00 7.05 0.00 4.23 0.00 6.90 0.00 0.12 0.00 2.63 0.00
CO, vol%             10.97 0.00 11.43 0.00 9.72 0.01 14.25 0.00 2.57 0.00 6.51 0.00
CO2, vol% 10.54 70.96 11.49 70.80 6.55 68.95 8.48 66.74 6.47 64.94 7.95 68.24 
C2H4, vol%             2.00 0.00 2.29 0.00 1.39 0.00 1.95 0.00 0.01 0.00 0.33 0.00
C2H6, vol%             0.17 0.00 0.39 0.00 0.10 0.00 0.30 0.00 0.01 0.00 0.28 0.00
C2H2, vol%             0.11 0.00 0.09 0.00 0.09 0.00 0.10 0.00 0.00 0.00 0.00 0.00
H2S, vol% n.m. 0.00 n.m. n.m. n.m. 0.00 n.m. 0.00 n.m. 0.00 n.m. 0.00 
COS, vol% n.m. 0.00 n.m. n.m. n.m. 0.00 n.m. 0.00 n.m. 0.00 n.m. 0.00 
benzene (ppmv)             2909 0.00 3351 0.00 2261 0.00 2855 0.00 56 0.00 306 0.00
toluene (ppmv)             979 0.00 1380 0.00 720 0.00 1164 0.00 40 0.00 228 0.00
NO (ppmv)             n.m. 625 n.m. 672 n.m. 746 n.m. 477 n.m. n.m. n.m. n.m.
H2O**   59.49   57.54   58.12   56.45   56.86   56.24 
HCl (ppmv) n.m. n.m. n.m. n.m. n.m. n.m. n.m. 32 n.m. n.m. n.m. 269 
Dust (mg/Nm3)             n.m. 266 n.m. 167 n.m. n.m. n.m. 101 n.m. n.m. n.m. n.m.
Experiment nr. Reg. 159**** Reg. 150 Reg. 171 Reg. 179 Reg. 183 Reg. 192 
* #4 is the gas analysis location at the outlet of the pyrolysis reactor, and #7 is the gas analysis location at the outlet of the tar cracker (exhaust gas) 
** the H2O concentration at location #4 cannot be cleared exactly from calculations because the amount of tar is also not exactly known, the H2O at location #7results  from  
     balance calculations 
*** n.m.= not measured  
**** these numbers are internal ECN Pyromaat registration numbers 
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Appendix 4 Results of feedstock and char proximate and ultimate analysis 

 
 Feedstock  Char
Proximate straw    willow wood straw

350oC 
straw 
550oC 

willow 
350oC 

willow 
550oC 

wood  
350oC 

wood  
550oC 

Moisture [wt%, a.r.]*          5.15 13.30 4.22 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ash [wt% db, 550oC]          19.26 1.28 2.11 37.87 49.58 4.08 6.15 7.41 7.70
Volatile [wt% db]           63.55 80.60 77.35 26.23 8.12 34.35 11.59 33.86 12.78
Fixed C [wt% db, by diff.] 17.19 18.12 20.54 35.9 42.3 61.57 82.26 58.73 79.52 
HHV [J/g] 16177         19127 19587 18016 19896 26656 34912 27158 32019
Ultimate [wt% db]          
C 36.43         44.65 44.46 46.02 42.53 68.39 81.68 64.61 77.56
H          4.80 5.65 5.59 2.83 1.37 4.65 2.36 3.44 2.50
O (by diff.)          38.6 48.25 46.7 12.07 5.72 22.35 9.41 23.01 10.73
N 0.91         0.17 1.14 1.21 0.80 0.53 0.40 1.53 1.51
Ash [550oC]          19.26 1.28 2.11 37.87 49.58 4.08 6.15 7.41 7.70
Bulk density [kg/m3 a.r.]**          680 160 170 - - - - - -
* the moisture content in this table is the one determined from feedstock sample taken prior to the experiment 
** determined after 1 min of vibration of the feedstock 
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Appendix 5 Results of feedstock and char ash elemental analysis 

 
 Feedstock  Char
Element [mg/kg] straw      willow wood* straw 350oC straw 550 oC willow 350 oC willow 550 oC wood 350 oC * wood 550 oC * 
S 2857 312 949  4851 429 418 1359 1990 
Cl  12810 111 1036 20010 26300 318 471 691 2670 
F         68 6 27 133 172 30 90 84 44 
P      1178 652 141 2145 2742 2086 2741 361 411
Al  5883 19 469 11763 15637 224 96 1964  1334
Ba          87 1 244 179 229 4 3 687 759
Ca          8531 3899 3479 16869 21798 8817 17060 11778 14590
Cr         36 2 24 14 35 9 4 58 82
Cu          6 3 12 11 16 9 14 51 32
Fe        3351 30 340 6440 8575 172 213 2416 1071 
K     21561 1421 728 41763 53452 5978 6413 2296 2560
Mg       3738 378 399 7110 9190 1010 1669 1117 1639
Mn          112 12 85 211 277 33 58 237 313
Na         3231 127 650 6161 7850 498 546 1943 2642
Ni          118 11 33 7 91.3 27 4 9 180
Pb        8.4 2*(dl) 164 12 11 5 1 410 562
Si       29857 69 1135 58619 75784 984 332 4887 4115
Sr          77 14 19 154 197 38 63 56 61
Ti          199 2 985 349 534 10 9 1749 2636
Zn          18 62 227 33 43 151 262 785 1048

 4126

  * wood = demolition wood, this material is very inhomogeneous which could influence validity/significance of measurement. Red marked data show unexpected values. 
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Appendix 6 Publishable Final Report of 3R Multifuel Project 
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