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Abstract 

Pyrolysis is a promising thermochemical technology for converting biomass to energy, chemicals 

and/or fuels. The objective of the present paper was to characterize fast pyrolysis products and to 

study pyrolysis oil fractionation. The products were obtained from different Nordic forest and 

agricultural feedstocks in a pilot scale cyclone pyrolysis plant at three different reactor temperatures. 

The results show that the main elements (C, H and O) and chemical compositions of the products 

produced from stem wood, willow, forest residue and reed canary grass are in general terms rather 

similar, while the products obtained from bark differ to some extent. The oil produced from bark had 

a higher H/Ceff ratio and heating value which can be correlated to a higher amount of pyrolytic lignin 

and extractives when compared with oils produced from the other feedstocks. Regardless of the 

original feedstock, the composition of the different pyrolysis oil fractions (condensed and aerosol) 

differs significantly from each other. However this opens up the possibility to use specifically selected 

fractions in targeted applications. An increased reactor temperature generally results in a higher 

amount of water and water insoluble material, primarily as small lignin derived oligomers, in the 

produced oil.   
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Highlights 

• Nordic biomasses have successfully been pyrolyzed in a pilot scale cyclone plant. 

• The composition of the products was relatively similar from four of the feedstocks.  

• Oil produced from bark has a relatively high H/Ceff ratio and heating value. 

• Oil fractions have different properties, suitable for different applications. 
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1 Introduction 
 

Increased utilization of renewable energy sources has gained particular interest in recent years due to 

environmental pollution, global climate change and depletion of fossil fuel resources. Biomass is an 

important source of renewable material and can be used to meet a wide variety of energy needs, 

including generation of electricity, heat and transportation fuels. The conversion of biomass can be 

achieved via thermochemical or biochemical processes. Pyrolysis is a promising thermochemical 

technology for converting biomass to energy, chemicals and/or fuels. Pyrolysis is basically thermal 

decomposition of organic materials in the absence of additional oxygen gas, which results in the 

formation of condensable vapor, gas and solid product (char, ash and particulate matter). The solid 

product is preferably separated directly after the pyrolysis step and the other products are rapidly cooled 

where pyrolysis oil is formed from the condensable vapors.  

An opportunity for pyrolysis oil is that it can be produced from a variety of different low grade 

biomasses. The type of biomass is strongly dependent on the site location of interest for the pyrolysis 

production and in the Nordic countries possible biomasses includes i.e. residues from the forest and 

agriculture, grass and short rotation coppice. Forest residues or residues from the forest industry are 

shown to be potential feedstocks for pyrolysis [1-3]. Furthermore, pyrolysis oil has been obtained from 

different kinds of straws [1, 4, 5], grass [1, 4-7] and short rotation coppice [4, 5] which exemplifies the 

broad range of possible feedstocks. According to Oasmaa et al. [1] forest residues (e.g. pine saw dust and 

forest residues) are the most feasible feedstock for pyrolysis in Scandinavia considering combustion 

application while agro-based biomasses (e.g. straws, timothy hay and reed canary grass) are more 

challenging, due to the high amount of alkali metals and nitrogen in these feedstocks. The pyrolysis 

principles used in these experiments [1] were a circulated fluidized bed pilot plant (20 kg h-1) and a 

bubbling fluidized bed bench scale unit (1 kg h-1), both operated in the temperature range 713 - 793 K. 
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The pyrolysis of straw, perennial grasses and hardwoods, including willow short rotation coppice, in a 

bubbling fluidized bed laboratory scale reactor (1 kg h-1) at temperatures between 778 – 798 K has also 

been investigated [4]. The aim was to characterize and compare the feedstocks and products by means 

of yields, quality and potential use and upgrading. The main conclusion found is that willow short 

rotation coppice is the energy feedstock that has the highest potential for fast pyrolysis processing if 

associated production costs and harvest yields can be maintained at the reported values [4]. 

Furthermore, it was also found that the bio-oil produced from switch grass has the highest potential 

regarding upgrading the oil for production of high value added chemicals [4].  

When studying which particular feedstock that has the highest potential in pyrolysis processes, several 

aspects have to be considered. From an economical point of view, the obtained oil yield in the pyrolysis 

process is of importance but depending on the end application also the quality of the oil is of 

importance. If the oil is to be used in combustion applications, the crude oil is likely to be used directly. 

However, the quality is of importance since both the physical and chemical properties can adversely 

affect the related combustion properties and cause problems in storage and handling [8]. If the oil is 

aimed for more advanced applications, i.e. transportation fuels or chemicals, further upgrading is 

needed due to the relatively low energy content, high water and oxygen content, acidity and poor 

stability in the pyrolysis oil. Hence, in addition to the oil quality, the aspects of oil yield from the fast 

pyrolysis process and further upgrading steps have to be considered when the end application is 

chemicals or transportation fuels.  

Regarding yields and quality of products from the fast pyrolysis process, these can be influenced by the 

process conditions (i.e. pyrolysis temperature, biomass heating rate and pressure) and the configuration 

of the reactor and condensation parts [9]. The fuel quality properties of the oil can be significantly 

improved by adding complementary upgrading processes, such as catalytic hydrotreatment and catalytic 

cracking, but with the main drawback that these upgrading technologies lead to a relatively low liquid oil 
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yield [10] and possible use of the resulting byproducts will therefore be of importance for the overall 

economy.  

Pyrolysis oil is a complex mixture of different compound groups, which makes further upgrading difficult 

since the different compounds react differently, e.g. cause coking [11]. If instead the oil can be 

fractionated and troublesome compounds removed (and further used) in an efficient and economical 

way before upgrading, the liquid yield during upgrading could be improved and other valuable 

components may be received. For instance, aldehydes and phenols tend to cause coking [12] and could 

perhaps therefore be removed from the oil before further catalytic upgrading to improve the efficiency. 

The solid products from the pyrolysis process can also be used in a variety of applications, e.g. as energy 

source, carbon sequestration, improved soil fertility or activated carbon. In conventional pyrolysis 

technologies, sand (being the heat transfer media) is often mixed with the produced solids and hence 

complicate and limit the external usage of the solid product. The pyrolysis plant used in this work [13] 

utilize a centrifugal ablative principle where biomass particles are rapidly heated by forced contact with 

an externally heated wall in a cyclone instead of in contact with hot sand particles. The solids formed in 

the reactor can therefore easily be separated from the other products and are not contaminated with 

sand.  

This work was carried out under industrially relevant conditions using a novel pyrolysis oil cyclone 

reactor in pilot scale (20 kg h-1) [13] in contrast to other studies comparing different feedstocks aimed for 

pyrolysis. Furthermore, the produced oil was sequentially fractionated by the principles of quench 

condensation and centrifugal separation into two separate fractions with different properties. Moreover, 

the objective of the present paper was to characterize fast pyrolysis products, in particular two oil 

fractions, produced from different Nordic biomass feedstocks in a pilot scale pyrolysis plant. The effect of 

reactor temperature on the product characteristics was studied for two forest feedstocks (stem wood 
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and forest residue) and two agricultural feedstocks (short rotation willow (Salix) and reed canary grass). 

Complete mass- and energy balances for the different feedstocks will not be in focus in the current paper 

but will be presented elsewhere where the results presented herein will be used as input data. The 

results from this study will contribute to the existing knowledge of potential pyrolysis products from 

Nordic feedstocks and in addition propose potential applications of the oil fractions.  

 

2 Experimental section 
 

2.1 Pilot Scale Pyrolyzer 
 

Below follows a description of the cyclone pyrolysis pilot plant, see Figure 1. A complete description of 

the plant was reported recently [13]. The system can be divided into four main parts: feeding system, 

ablative cyclone reactor, oil separation system and gas furnace. In the feeding system fine-grained 

feedstock (20 kg h-1) are dispatched into a heated carrier gas (nitrogen, 750 Ndm3 min-1, 373 K) for 

further transportation through the system. In the ablative cyclone reactor the biomass particles are 

heated as the particles slide against the externally heated wall. The dimensions of the ablative cyclone 

reactor are based on a Stairmand cyclone [14] with adjusted inlet and gas outlet dimensions. The inlet 

was adjusted to fulfil the velocity recommendations for heavily loaded cyclones [15] while the gas outlet 

was reduced to reduce the gas residence time. The dimensions of the cyclone can be found in Figure 1. 

The cyclone is constructed of different grades of stainless steel where the reactor is made of high 

temperature steel (253 MA) and the parts in contact with pyrolysis oil are made of acid-sustainable steel.  

The reactor is jacketed and heated by using a mixture of air and hot gas produced in subsequent gas 

furnace. The wall temperature of the cyclone is monitored using one thermocouple of type K installed in 

direct contact with the wall located at the top of the cyclone. The temperatures in other locations of the 
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reactor are also measured by additional eight thermocouples, at three different levels (top, middle and 

bottom, see Figure 1). As reported earlier there is a temperature gradient at the reactor wall since the 

hot gas in the heating jacket enters at the top of the cyclone, the upper part of the reactor is about 40 - 

120 K higher compared to the temperatures in the middle and bottom of the cyclone [13] which 

indicates that the reported wall temperature is somewhat overestimated.  

The optimal pyrolysis temperature for liquid production is around 773 K depending on the feedstock 

[16]. In this study the term reactor wall temperature is used instead of pyrolysis temperature, which also 

is done in earlier ablative cyclone studies [17, 18], due to difficulties measuring the true pyrolysis 

temperature. The experiments herein are carried out at different reactor wall temperatures (948, 1023 

and 1048 K), a temperature range which is in good agreement with other ablative cyclone studies [17] 

used for optimum liquid production. An indication of the pyrolysis temperature is however given by the 

temperature of the gas leaving the cyclone which in this study varies between 723 and 803 K. 

 

After the pyrolysis phase the produced volatile gases and solid residue are separated directly in the 

cyclone reactor. The solid residue is collected in a bin directly under the ablative cyclone and the gas, 

vapors and fine particles left through the top of the cyclone. The amount of fine particles is reduced in a 

second cyclone. The oil is thereafter collected in two separate steps. The first separation step is based on 

condensation in an indirect heat exchanger, resulting in a fraction here called condensed oil. The second 

step is based on aerosol collection in an oil mist separator, resulting in a fraction here called aerosol oil. 

The remaining gas is then preheated in a heat exchanger and combusted in a gas furnace. In Table 1 

some operating conditions can be found for the experiments using different biomasses. The run times 

differ between the experiments but are not believed to affect the result to a high extent since the 

reactor operates at steady state during a major part of the experiments. The reactor reaches steady 
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state very fast [13] and as soon as pressure changes due to buildup of deposits starts to occur the 

experiments are shut down.  

 

Some improvements of the pilot plant have been made since previously reported tests [13]. The main 

change derives to an improved heat exchanger in the first oil separation step. The temperature of the 

gas after this step was in this work about 295 K and before it was about 313 K when operated with stem 

wood [13].  

 

2.2 Description of the used feedstocks 
 

In this paper five potential Nordic feedstocks were used: three forest feedstocks; stem wood (used as 

reference), forest residue and bark and two agricultural feedstocks; short rotation willow (Salix) and reed 

canary grass. The stem wood, delivered by Stenvalls Trä AB (Sweden), originated from wood pellets and 

consisted of 70-80 wt % sawdust from pine and the rest from spruce. Bark and brown forest residue 

were delivered from Smurfit Kappa Kraftliner Piteå (Sweden). The bark was a mixture of approximately 

equal amounts of bark originated from spruce, pine and birch. The forest residue was stored (brown), to 

reduce the moisture content, the amount of needles and thereby reduce the ash content, and originated 

from a mixture of pine, spruce and deciduous tree (birch and asp). The composition of forest residue 

from the northern part of Sweden (Norrbotten and Västerbotten) usually consists of 67 wt % pine, 30 wt 

% spruce and 3 wt % deciduous tree. A short rotation coppice crop (SRC) that has received much 

attention in Sweden is willow (Salix). The willow was delivered by Salixenergi Europa AB (Svalöv, 

Sweden). The specie was Tora (which originates from a cross between Salix schwerinii and Salix 

viminalis). It was grown in Skåne (Sweden), harvested on a 4 yearly cycle and had a normal yield of about 

10 g m-2 year-1. Reed canary grass is considered as an appropriate energy crop, especially suitable in 
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Sweden and Northern Europe. The grass was delivered by Glommers Miljöenergi AB (Sweden). The reed 

canary grass was grown in Järvträsk and Brännberg (Norrbotten, Sweden) and harvested in the spring. 

The grass was fertilized with a nitrogen fertilizer, harvested each year and the yield is normally about 4-6 

g m-2 year-1.  

All feedstocks were milled in a granulator (Rapid granulator) and then in a hammer mill (Mafa EU-4B) 

until the material passed through a 0.75 mm sieve. The particle size distributions of the feedstocks were 

determined using a sieve shaker (Fritsch, Analysette 3). Most of the particles (average of 47 wt %) were 

in the range between 250-500 µm and 91 wt % were smaller than 500 µm. 

The proximate, ultimate, inorganic analyses, lower heating value as well as the chemical composition of 

the feedstocks investigated are shown in Table 2. The chemical composition of the feedstocks was 

determined by analysis of sugars (SCAN-CM 71:09), lignin (Tappi T222) and acetone extractive contents 

(SCAN-CM 49) by MoRe Research Örnsköldsvik AB (Sweden). 8-21 wt % of the material was not identified 

by this method. This material can be e.g. extractives soluble in other solvents, ash, proteins and resins. 

Results from the proximate analysis show that stem wood and bark differ some from the other 

feedstocks. Stem wood has higher amounts of volatiles and lower ash content and bark has lower 

amounts of volatiles, while the concentrations in the other feedstocks were rather similar. The ultimate 

analyses show that the forest feedstocks (stem wood, forest residues and bark) have slightly higher 

contents of carbon and therefore also higher heating values compared to the agricultural feedstocks. 

This can be correlated to the higher amount of lignin in the forest feedstocks [1], see Table 2. Compared 

to the other feedstocks the oxygen content is rather high in the willow, while the reed canary grass 

contains higher amounts of nitrogen, chlorine, sulfur, potassium and phosphorous. However, even 

though these concentrations are high compared to the other feedstocks used in this work they are 

relatively low in comparison with other reported values for reed canary grass, e.g. the ash content can be 
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as high as 8.5 wt % [19]. The level of inorganics in the reed canary grass can vary significantly and is 

strongly affected by the cultivation site, addition of fertilizer and time of harvest [20].  

 

2.3 Analyses 
 

The physical and chemical characterizations of the different products from the pyrolysis plant were 

carried out using standard methods. Most of the methods and instruments used are described earlier 

[13] and additional methods and instruments are described herein. The oil was analyzed by means of 

solids, ash, metals, homogeneity, pH, TAN, water, heating value, main element (C, H, O, N and S), 

viscosity, stability and different product groups. The viscosity was measured according to ASTM D445 at 

313 K using Cannon Fenske reverse flow capillaries. The stability was measured according to the 

improved version of the method developed at VTT [21], in which the samples are placed in closed bottles 

and kept at 353 K in a water bath for 24 hours. Changes in viscosity and water content are thereafter 

measured and used as an indication of oil stability. The composition of the oils with respect to the 

product categories was determined by the solvent extraction method developed at VTT [22]. In the 

method, the oil is divided into water soluble and water insoluble material. The water soluble material is 

further separated into ether solubles (ES) which includes aldehydes, ketones, acids, alcohols and lignin 

monomers and ether insolubles (EIS) which includes anhydrosugars, anhydrooligomers and hydroxy 

acids (C<10) [22]. The water insoluble fraction is further divided into dichlorometane solubles which 

includes low molecular mass (LMM) lignin and extractives, and dichloromethane insolubles, which is high 

molecular mass (HMM) lignin and solids. 

The solid residue was analyzed by means of ash, volatiles, main elements (C, H, N, O, Cl and S), metals 

and heating value. The gas was analyzed continuously with respect to carbon monoxide, carbon dioxide, 

hydrogen, nitrogen, oxygen, methane, ethene and ethyne using a Varian 490 micro-gas chromatograph 
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(µGC) with two thermal conductivity detectors (TCD). Gas was also collected in gas sampling bags for 

analysis of higher hydrocarbons and alcohols (methanol, ethane, propane plus propene and acetone). 

The analysis was made using a Varian CP-3800 gas chromatograph equipped with a flame ionization 

detector (FID). The gas after the oil mist separator has a temperature between 295 K and 307 K which 

means that it still contains condensable components. In order to determine the amount of water and 

formaldehyde the gas was also analyzed using a FTIR Multigas HS 2030. 

  

3 Results and discussion 
 

3.1 Characterization of pyrolysis products 
 

The characterization of the pyrolysis products presented in this section has been done at a reactor wall 

temperature of 1023 K. For this case, the corresponding properties of the oils can be found in the 

supplementary material Table S1, the solid residue in Table S2 and the gas in Table S3. The oil was 

collected in two fractions, the condensed and the aerosol fraction, which were analyzed separately. The 

concentrations given in the total oil have been calculated from these two fractions.  

The focus of this paper is characterization of fast pyrolysis products while detailed mass- and energy 

balances will be described and discussed elsewhere. However to give an idea about product yields from 

this process the ranges expressed on dry basis are presented below; the organic liquid yield varies 

between 34 to 48 wt %, the char from 6-27 wt %, the gas from 11 to 28 wt % and the pyrolytic water 

from 7 to 12 wt %. The closure of the mass balances varies from 78-93 wt-%. 

From the main elements (C, H and O) of the different pyrolysis products (condensed oil, aerosol oil, solid 

residue, gas) and feedstock; a so called Van Krevelen diagram was made, see Figure 2. In the diagram the 

dry molar H/C and O/C ratios of the different products and feedstocks form five different clusters. The 
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fast pyrolysis process has converted the feedstocks, which all have an O/C ratio of about 0.6 and H/C 

ratio of about 1.4, to a more carbonaceous aerosol oil and solid residue, a less carbonaceous gas, and 

finally a condensed oil which has about the same composition as the original biomass. The concentration 

of main elements (C, H and O) are very similar within each product/feedstock cluster, however some 

deviations can be seen. For example the solid residue from stem wood has a higher H/C and O/C ratio 

(higher amount of hydrogen and oxygen but lower amount of carbon) compared to the rest of the solid 

residues. Also, the main elements of the oils and the gas produced from bark deviates to some extent 

from the products produced from the other raw materials. The aerosol oil produced from bark has a 

lower oxygen content and higher hydrogen content, while the condensed oil has higher oxygen and 

hydrogen content compared to the rest of the oils. This is further discussed below. 

A higher carbon proportion, i.e. lower H/C and O/C ratios, in a fuel increases the energy value due to 

lower energy contained in carbon-oxygen and carbon-hydrogen bonds compared to in carbon-carbon 

bonds [23]. Hence, the concentrations of the main elements have a strong influence on the heating 

values of the different products and feedstocks, see Figure 3. The solid residues have the highest heating 

value of the three different types of products. The lower heating value based on dry matter varies 

between 25.1 and 26.5 MJ kg-1 for the solid residues. The heating value of the aerosol oil, condensed oil, 

feedstock and finally the gas follows in decreasing order. However, it can be noted that the heating value 

(MJ kg-1) does not take into account the density of the products. The oil has a much higher energy 

density (about 20 MJ dm-3) compared to the solid residue (about 5 MJ dm-3) and the feedstock (about 7 

MJ dm-3) which proves the advantage with conversion to a liquid.  
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3.1.1 Characterization of solid residue 

 

The results from the analyses of main elements and heating values in the solid residue are shown in 

Figure 2 and Figure 3. It is foremost the solid residue from stem wood that deviates from the rest of the 

solid residues. It has higher amounts of hydrogen and oxygen but lower amounts of carbon and higher 

amounts of volatiles compared to the rest of the residues, see Table S2. These results imply that the 

stem wood solid residue still contains compounds that are able to form pyrolysis oil, and that the stem 

wood has not been as efficiently used for producing oils as the other feedstocks. This in turn means that 

the oil yield of stem wood can probably be improved. The heating value for the solid residues from all 

the feedstocks is relatively high, ~ 26 MJ kg-1, which makes it an attractive feed for energy production, 

but densification of the product is necessary prior to transport and further use since the density is 

relatively low. The ash content varied between 2.1 up to 14.2 wt % for the different solid residues, where 

the lowest ash content is received from stem wood and thereafter follows bark, forest residue, willow 

and reed canary grass in increasing order. The ash content in the solid residue is both coupled to the ash 

content in the feedstocks respectively but also to the yield and mass balances which will be presented 

elsewhere.  

 

3.1.2 Characterization of pyrolysis oil 

 

The chemical composition of the oil fractions with respect to the product groups obtained with the VTT 

solvent fractionation method is shown in Figure 4. The aerosol oils have lower H/C and O/C ratios and 

also higher heating values compared to the condensed oils, see Figure 2 and Figure 3. This is due to 

higher carbon content in the aerosol oil compared to the condensed oil (see Table S.1) which was 

probably caused by a much higher content of lignin and extractives in the aerosol oils, see Figure 4. The 

aerosol fractions consists to a larger extent (42-69 wt %) of water insoluble material (LMM lignin, 
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extractives and HMM lignin) while the condensed phases are to a large part (69-84 wt %) water soluble 

(water + EIS + ES). Comparing the composition of the oil produced from the different feedstocks it can be 

seen that the content of LMM lignin and extractives are larger in the oil from bark, especially in the 

aerosol phase. This correlates well with the large amounts of lignin and acetone extractives in the bark 

raw material, see Table 2. Extractives which includes i.e. fatty acids, fatty alcohols, terpenes, resin acids 

and terpenoids have lower oxygen content compared to the total pyrolysis oil [24] which also could 

explain the lower O/C ratio in the aerosol phase from bark.  

The water insoluble material, i.e. the pyrolytic lignin, can cause thermal instability [25] which was also 

seen in the results from the stability analyses made in the present work. The results from the stability 

test, shown in Table S1, revealed somewhat larger changes in both water concentrations and viscosity 

after heating of the aerosol fraction, i.e. the aerosol fraction is more unstable, compared to the 

condensed fraction. 

The distribution in yield between the aerosol and the condensed oil fractions was similar for stem wood, 

forest residue, willow and bark, about 60 % by weight appears in the condensed oil and the rest in the 

aerosol oil. In relation the condensed fraction from reed canary grass was somewhat lower (54 wt %) but 

this might be due to experimental variations related to difficulties collecting all the produced oil, as the 

oil produced from reed canary grass was rather viscous, see Table S1. The condensed fractions from all 

oils produced from the different feedstocks were phase separated while all the aerosol fractions except 

from bark were homogeneous, see images of the oil in Figure 5. The analyses of the condensed fractions 

were sometimes difficult to carry out due to the phase separation. Therefore in some analyses the 

phases were separated and analyzed separately and the results for the total fraction were calculated. 

The phase separation is probably caused by a high content of water and extractives. The water content 

in the condensed fraction varied between 26 and 37 wt % whereas the water concentration in the 

aerosol fraction varied between 5.5 and 7.4 wt %. The concentration of water was lowest in the oils 
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produced from stem wood, although the water concentration in the calculated total oil is slightly lower 

for reed canary grass but it is probably due to the inaccurate distribution between the different fractions. 

The high water content in the oils from bark, forest residue and willow is probably caused by higher alkali 

content in the feedstocks, since alkali is known to catalyze cracking reactions where water is formed 

[26]. The water content also strongly correlates to other physical properties such as heating value and 

viscosity. Higher water content results in lower heating value and viscosity, see Figure 6. In Figure 6 it can 

also be seen that the heating value in the aerosol fractions also varies even if the water concentration is 

nearly constant which can be explained by varying carbon and lignin content in the oils from different 

feedstocks which verifies earlier results seen in Figure 2 and Figure 4. The amount of water and other 

highly volatile compounds, for example acetic acids, captured in the oil can be controlled by the 

temperature of the heat exchanger. In previous reported test using the same experimental equipment 

[13] the gas temperature after the heat exchanger was about 313 K compared to 295 K in the current 

work when operated with stem wood. A higher gas temperature resulted in a single phase condensed 

fraction with lower concentration of water, 23 wt-%, and a slightly higher pH, 2.5. Consequently, in order 

to produce a single phase liquid and also to lower the concentrations of acids, the temperature of the 

heat exchanger could be increased. This would however also result in a decrease of the total oil yield, 

unless a second cooling step is added, collecting volatile components as a separate fraction. Phase 

separation can also be caused by high amounts of extractives [1], which probably is the case for the oil 

produced from bark, see Figure 5.  

The presence of inorganic material has several negative effects during both the pyrolysis process and the 

subsequent use of the pyrolysis oil, and the inorganic level should therefore be kept low both in the 

feedstocks and in the oil. The content of solids (0.10-0.53 wt %) and ash (up to 0.05 wt %) was very low 

in all oils despite different ash concentrations in the different feedstocks (0.3 to 2.4 wt %), see Table S1. 

The levels of nitrogen and sulfur also have to be controlled if the oils are supposed to be used in 
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combustion. The content of nitrogen was low in oils from stem wood (<0.1 wt %), slightly higher in oils 

from forest residue, bark and willow (~0.4 wt %) and highest in oils from reed canary grass (~1.2 wt %). 

These trends are expected from the nitrogen content of the different raw materials. For example, reed 

canary grass contained 1.39 wt % nitrogen and stem wood 0.1 wt %. 

In Figure 7 a Van Krevelen diagram where the total oil (calculated from the aerosol and condensed oil) 

and data generated in fluidized beds [1, 4] are shown. In the diagram also lines representing the 

hydrogen to carbon atomic effective ratio (H/Ceff) are plotted. The ratio H/Ceff,  

H

Ceff
=

H-2O

C
  (1) 

is the net molar H/C of a compound/mixture after removing the oxygen content in the form of water. 

This ratio can be used as an index to evaluate the liquid quality for further upgrading processes [10]. 

Compounds with a low ratio, high concentration of oxygen, results in rapid aging and deactivation of the 

ZSM-5 zeolite catalyst often used in catalytic upgrading processes for lignocellulosic biomass [27]. 

As can be seen in Figure 7 the mixed oil has an H/Ceff ratio between 0.29 and 0.58. The highest ratio is 

observed in the oil from bark, where the aerosol oil has a ratio of 0.83 and therefore according to these 

guidelines has the best quality for further upgrading of the produced oil. In the Figure also literature data 

from fluidized bed reactors [1, 4] was added. The main elements in the oils from the literature produced 

from stem wood, forest residue, reed canary grass, barley straw and timothy hay [1] are very similar to 

the oil produced in this work while there are more differences with the oils produced from willow, wheat 

straw, switch grass and miscanthus [4]. The latter oils contain in general less oxygen and the oils 

produced from foremost wheat straw, switch grass and miscantus also contain more hydrogen, 

generating a high H/Ceff ratio. In Greenhalf et al. [4] it was concluded that oil from switch grass had the 

highest potential for upgrading to produce high value chemicals. This was concluded not due to a high 
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H/Ceff ratio but since switch grass produced the highest amount of high value compounds such as 

furfural, 2-Furanmethanol, Levoglucosan, 1,2-Benzenediol and 2-Methoxy-4-vinylphenol.  

In Figure 8 the chemical compositions in both the calculated total oil obtained in this work as well as oil 

obtained from pine, forest residues, barley straw and timothy hay in a fluidized bed [1] are presented. 

The main difference between the two results is that the oils in this work contain a larger amount of high 

molecular mass (HMM) lignin. This can be due to a lower degree of conversion and/or because of 

secondary polymerization reactions. However the amount of pyrolytic lignin is not remarkably high 

compared to other pyrolysis oil in the literature, for example the water insoluble part in the oils is usually 

about 25-30 wt % [28] compared 27-46 wt % obtained in this work. 

 

3.2 Temperature dependence on pyrolysis oil quality 
 

In the following chapter the effect of the reactor wall temperature (948, 1023 and 1048 K) on the 

pyrolysis oil quality is studied. In Figure 9 the main elements dependence on the reactor wall 

temperature for the two fractions of pyrolysis oil can be seen in a Van Krevelen diagram. When 

increasing the temperature, (as can be seen in the figure by following the dots representing a specific 

feedstock with increasing filling degree) the dry H/C and O/C ratios decrease as the amounts of hydrogen 

and oxygen decrease due to increased cracking of pyrolysis components. The temperature increase also 

seems to slightly increase the H/Ceff ratio.  

In Figure 10 the effect of reactor wall temperature on the water content in the pyrolysis oil can be seen 

for stem wood, willow, reed canary grass and forest residue. An increased process temperature results in 

increased water content in the condensed oils while the content is fairly constant in the aerosol 

fractions. Increased water content at increased temperature can be due to secondary cracking [22]. 
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However according to Lédé [18] the primary pyrolysis products are formed near the heated wall and 

undergo a partial quenching when leaving the wall and mixing with the much colder carrier gas. 

Therefore this hypothesis contradicts secondary cracking in this type of reactor and at the present gas 

temperatures. Other parameters such as gas residence time, gas residence time distributions and 

inhomogeneity of gas temperatures inside the reactor could also affect the results.  

 

An example of the temperature effect on the chemical composition of both the oil fractions and of the 

total oil produced from stem wood can be seen in Figure 11. An increased process temperature results in 

increased water content (foremost in the condensed fraction), increased water insoluble material 

(foremost the fraction LMM + extractives in the aerosol fraction) and decreased water soluble material 

(foremost the fraction EIS). The increase in LMM content in the oil at higher reactor temperatures is due 

to the relatively high temperatures necessary for lignin decomposition [29]. Increased formation of LMM 

and phenol and its derivatives at increased temperatures have also been observed earlier [30, 31]. The 

increased concentration of water insoluble material in the oil could also be a secondary effect, caused by 

a decreased yield of the water soluble material at higher process temperatures. 

 

3.3 Fields of applications for the oil fractions 
 

The main distinguishing features of the aerosol fraction are a relatively high heating value (20.6-24.7 MJ 

kg-1), low water content (5.6 - 7.4 wt %), high viscosity (990-2200 mm2 s-1 at 313 K) and high contents of 

pyrolytic lignin (42-69 wt % water insoluble material). The concentrations of solids and ash vary some 

depending on the feedstocks but are in general relatively low, ≤0.05 wt % ash and ≤0.7 wt % solids. 
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Properties such as a high heating value, relatively low water content and low inorganic solid content are 

beneficial from combustion point of view. Therefore, the aerosol fractions seem suitable in combustions 

applications. A high heating value is beneficial since more energy can be received. The water content in 

pyrolysis oil has both negative and positive properties in combustions applications. For example a low 

water content contributes to an increased heating value and higher adiabatic flame temperature but on 

the other side also to an increased viscosity which in turns complicates the atomization and pumpability 

[8]. The recommended upper limit for pumpability is about 600 mm2 s-1 [32]. The aerosol fraction may 

therefore need addition of solvent or water to simplify the handling. Another application for the aerosol 

fraction can be to extract the pyrolytic lignin and use it to replace phenol in synthesizing phenol-

formaldehyde resins [33] or emulsify it with diesel [34].  

The condensed oil fraction consists of a larger extent of water soluble material (69-84 wt %) which has a 

higher volatility, is more thermal stable and has a reduced viscosity compared to the aerosol fraction. 

These parameters make this fraction better suitable for upgrading to transportation fuels or to high 

value chemicals.   
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4 Conclusions 
 

Pilot scale cyclone pyrolysis has been performed at various reactor temperatures using three types of 

forest biomass (stem wood, forest residue and bark) and two types of agricultural feedstocks (reed 

canary grass and willow).  

All the feedstocks were successfully pyrolyzed in the cyclone pyrolyzer. The content of C, H and O and 

chemical compositions of the products produced from stem wood, willow, forest residue and reed 

canary grass, were in general terms rather similar, while the products obtained from bark differed to 

some extent in comparison to the other feedstocks foremost due to higher content of pyrolytic lignin 

and extractives. The oil from bark has a higher H/Ceff ratio, primarily in the aerosol fraction, which can be 

used as an indicative measure of the liquid quality where a high H/Ceff ratio is said to be positive in 

further upgrading processes since it contains less compounds that negatively affects the catalyst. The oil 

from bark, especially the aerosol fraction, also has the highest heating value which can be correlated to 

the higher amount of pyrolytic lignin in this oil. The obtained oil fractions from bark were both phase 

separated due to the high content of extractives. In order to compare the feedstocks used in the 

pyrolysis process, it is also important to couple the information regarding the quality of the products to 

the product yields, cost of feedstocks and harvest yields and this is done in a separate article.  

Fractionation of the oil to a condensed and an aerosol fraction seems promising since the produced 

fractions differ significantly from each other and therefore can be used in different types of application. 

The aerosol fraction has a high heating value, low water content, high amount of pyrolytic lignin and high 

viscosity compared to the condensed fraction and seems suitable for combustion applications. The lignin 

content could also be extracted and used for in e.g. production of resins or emulsified in diesel. The 

condensed oil fraction contains more water and less lignin, and is hence more suitable for further 

upgrading into conventional transportation fuels or chemicals. The obtained condensed oil fractions 
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from all feedstocks were phase separated mainly due to the resulted high water content. However, a 

homogenous single phase liquid could easily be produced by increasing the temperature in the heat 

exchanger to prevent condensation of water.  

The pyrolysis temperature affects the composition of the oil. An increased reactor temperature results in 

a higher amount of water and water insoluble material, primary as small lignin derived oligomers in the 

produced oil. 
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Tables 

 

Table 1. Operation parameters of the cyclone pyrolyzer when operated at a reactor temperature of 1023 K. 

Parameters Stem wood  Forest 

residue 

Bark Willow Reed canary 

grass 

Average feeding rate [kg h-1] 19.5 21.4 25.4 17.8 21.4 

Run time [min] 180 99 70 156 82 
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Table 2. Biomass Feedstock Properties 

 Unit Stem wood 

(pine, spruce) 

Forest residue Bark Willow Reed canary grass 

Proximate analysis 

Moisture1 wt %, as received 4.3 3.6 6.5 5.9 3.6 
Volatiles2 wt %, ds 83.8 80.6 78.4 81.3 80.6 
Ash (823 K)3 wt %, ds 0.3 2.4 2.0 1.8 2.4 
Fixed carbon4 wt %, ds 15.9 19.5 19.6 16.9 17.0 
Ultimate analyses, ratios and heating values 
C5 wt %, ds 51.3 51.9 53.5 49.6 49.5 
H5 wt %, ds 6.2 6.2 6.4 6.0 6.1 
N5 wt %, ds 0.1 0.42 0.40 0.47 1.39 
O6 wt %, ds 42 39.9 37.7 42.0 40.4 
Cl7 wt %, ds <0.02 <0.02 <0.02 <0.02 0.03 
S7 wt %, ds 0.021 0.024 0.029 0.041 0.115 
O/C mol/mol, ds 0.61 0.58 0.53 0.64 0.61 
H/C mol/mol, ds 1.44 1.42 1.43 1.44 1.47 
H/Ceff mol/mol, ds 0.29 0.27 0.37 0.17 0.24 
LHV8 MJ kg-1, ds 19.305 19.553 20.677 18.395 18.562 
Major inorganics9 
Si wt %, ds 0.0067 0.1262 0.0148 0.0725 0.4062 
Al wt %, ds 0.0017 0.0309 0.0134 0.0150 0.0396 
Ca wt %, ds 0.0587 0.2666 0.6197 0.4603 0.2795 
Fe wt %, ds 0.0003 0.0046 0.0020 0.0031 0.0276 
K wt %, ds 0.0303 0.1494 0.1444 0.1610 0.1685 
Mg wt %, ds 0.01055 0.0411 0.0627 0.0335 0.0627 
Mn wt %, ds 0.0065 0.0242 0.0446 0.0017 0.0240 
Na wt %, ds 0.0023 0.0113 0.0119 0.0110 0.0079 
P wt %, ds 0.0026 0.0312 0.0359 0.0467 0.1510 
Ti wt %, ds 0.00006 0.0013 0.0002 0.0007 0.0012 
Zn wt %, ds 0.0009 0.005 0.013 0.005 0.0060 
Chemical composition 
Cellulose wt %, ds 35.9 29.1 21.8 35.6 33.5 
Hemicellulose wt %, ds 23.1 19.9 15.6 16.6 22.3 
Lignin wt %, ds 27.2 31.2 36.5 25.3 22.5 
Acetone extractives wt %, ds 5.12 4.37 9.44 1.42 1.44 

 
1 Method used: SS 02 81 13-1. 
2 Method used SS-EN 15148:2009 
3 Method used: SS-EN 14775:2009/15403:2011 
4 by difference 
5 Method used: SS-EN 15104:2011/15407/15407:2011 
6 Method used: by difference 
7 Method used: SS-EN 15289:2011/15408:2011 
8 Method used: SS-EN 14918:2010/15400:2011 
9 Method used: EPA method 2007.7 and 200.8 
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Figures 

 

Figure 1. Schematic sketch of the pyrolysis pilot plant together with a drawing of the cyclone including the dimensions.  
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Figure 2. Van Krevelen diagram for all the pyrolysis products and feedstocks. The atomic ratios are based on dry substance. The 
different symbols symbolize the different feedstocks while the colors symbolize different biomass and pyrolysis products. 
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Figure 3. Heating value versus carbon content for the different pyrolysis products and feedstocks. 
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Figure 4. Chemical composition in the condensed and aerosol fractions. 
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Feedstock Condensed oil Aerosol oil 

Stem wood 

  

Willow 

  

Reed canary grass 

  

Forest residue 

  

Bark 

  

Figure 5. Optical microscope images of the condensed and aerosol oils from the different feedstocks.  
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Figure 6. Lower heating value and viscosity versus water content in the condensed and aerosol oil. Note that some of the oils are 
phase separated, which can affect the accuracy of the viscosity measurement. 
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Figure 7. Van Krevelen diagram for calculated total oil and additional literature oil data from [1, 4]. Also lines symbolizing the 
ratio H/Ceff are drawn in the figure. 
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Figure 8. Chemical compositions in calculated total oil (a) and in the oil from Oasmaa et al. [1] (b). 
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Figure 9. Temperature dependence on the elemental composition in the pyrolysis oil fractions. 
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Figure 10. Process temperature effect of water content in the two oil fractions. 
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Figure 11. Temperature effects on the chemical composition in the oil fractions and the total oil produced from stem wood. 
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Supplementary material 

Table S1. Properties of the pyrolysis oils produced from the different feedstocks, all produced a reactor temperature of 1023 K. The two fractions, condensed (C) and aerosol (A), are analyzed 

separately and the concentration of the total oil (T) is calculated. The results in the table are reported as condensed fraction; aerosol fraction; total oil. 

Feedstock Unit Stem wood 

(pine, spruce) 

Forest residue Bark Willow Reed canary grass 

  C A T C A T C A T C A T C A T 
Amount in 

each 

fraction 

wt % 59.6 40.4  61.2 38.8  59.3 40.7  61.5 38.5  54.2 45.8  

C wt %, db 53.3 60.1 56.0 52.9 61.4 56.2 49.3 65.6 55.9 52.5 59.0 55.0 52.7 58.2 55.5 
H wt %, db 6.4 6.4 6.4 5.8 6.5 6.1 7.1 7.9 7.4 6.6 6.2 6.5 6.8 6.6 6.7 
N wt %, db <0.1 0.1 <0.1 0.4 0.4 0.4 0.3 0.3 0.3 0.3 0.4 0.3 1.4 1.5 1.4 
O wt %, db 40.2 33.4 37.5 40.8 31.7 37.3 43.3 26.2 36.3 40.6 34.4 38.2 39.1 33.6 36.3 
S wt %, db <0.07 <0.05 <0.06 <0.07 <0.05 <0.06 <0.05 <0.05 <0.05 <0.07 <0.05 <0.06 0.08 0.12 0.10 
H/Ceff mol mol-1, db 0.29 0.44 0.36 0.15 0.49 0.29 0.40 0.83 0.58 0.34 0.39 0.36 0.42 0.48 0.45 
H/C mol mol-1, db 1.43 1.28 1.36 1.31 1.27 1.29 1.72 1.43 1.60 1.51 1.26 1.40 1.53 1.35 1.43 
O/C mol mol-1, db 0.57 0.42 0.50 0.58 0.39 0.50 0.66 0.30 0.51 0.58 0.44 0.52 0.56 0.43 0.49 
LHV MJ kg-1 14.71 21.69 17.5 14.08 22.68 17.4 12.6 24.69 17.5 13.74 20.64 16.4 14.32 20.70 17.2 
LHV MJ kg-1, db 20.7 23.1 21.7 21.2 24.2 22.4 21.5 26.7 23.6 20.1 22.5 21.0 20.3 22.5 21.3 
water wt % 25.9 5.6 17.7 30.1 5.9 20.7 16.11 6.9 24.8 28.3 7.4 20.3 26.17 7.20 17.5 
        45.82         
TAN mg KOH g-1 64.8 50.6 59.0 82.2 54.5 71.5 78.2 62.7 66.70 103.2 69.0 90.0 96.63 75.24 86.84 
solids wt % 0.12 0.19 0.15 0.26 0.44 0.32 0.11 0.07 0.10 0.29 0.39 0.33 0.37 0.73 0.53 
ash wt % <0.01 <0.01 <0.01 0.03 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.05 0.06 0.03 0.04 
viscosity3  cSt (40°C) 12.6 1268  7.3 1360   1099  9.5 989  17 2152  
stability Δ % (water) 8.6 12.9 9.1 14.5 46.8 18.1  11.9  6.9 35.6 10.6 18.14 40.05 22.1 
 Δ % 

(viscosity)6 

23 399  25 628   270  71 532  161 117  

Homo-

geneity 

 P7 S8  P S  P P  P S  P S  

pH  2.11 2.16 2.13 2.72 3.07 2.86 2.88 3.06 2.95 2.87 2.79 2.84 3.17 2.86 3.03 
Na  <3 2.76 <2.9 <3 <2 <3 1.39 1.12 1.27 <3 3.88 <3.34 <4 <3 <4 
K  9.8 19.0 13.5 38.7 71.9 51.6 25.1 20.6 23.27 42.7 97 63.6 45.0 46.3 45.6 
HMM lignin wt-% 8.6 15.0 11.2 7.4 18.2 11.6 8.6 14.6 11.1 11.0 19.1 14.1 10.8 20.8 15.8 
LMM lignin + 

extractives 

wt-% 8.2 27.3 15.9 8.9 33.0 18.2 22.2 53.5 34.9 6.7 22.6 12.8 9.6 23.4 16.4 
EIS wt-% 37.4 35.4 36.6 28.1 24.4 26.7 22.0 22.5 22.2 28.0 34.5 30.5 32.3 36.3 34.3 
ES wt-% 20.0 16.6 18.7 25.6 19.7 23.3 12.4 2.5 8.4 26.0 16.3 22.3 20.7 11.6 16.2 

 
1 Top phase 
2 Bottom phase 
3 Note that some of the oils are phase separated 
4, 5 Controlled aging performed in heating oven instead of oil bath. 

 
6 Note that some of the oils are phase separated 
7 P = Phase separated 
8 S=Single phase 
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 Table S2. Solid residue properties. The reactor wall temperature was 1023 K.  

 Unit Stem wood 

(pine, spruce) 

Forest residue Bark Willow Reed canary grass 

Proximate analysis 

Volatiles wt %, db 47.3 24.4 29.5 27.4 18.0 

Ash (823 K) wt %, db 2.1 9.45 9.0 12.8 14.2 

Fixed carbon wt %, db 50.6 66.0 61.5 59.8 67.9 

Ultimate analyses, ratios and heating values 

C wt %, db 67.8 72.9 71.6 70.1 68.4 

H wt %, db 4.9 3.3 3.7 3.3 2.9 

N wt %, db 0.25 0.74 0.69 1.01 2.35 

O wt %, db 24.9 13.4 14.8 12.6 11.9 

Cl wt %, db <0.02 0.03 <0.02 0.06 0.04 

S wt %, db 0.024 0.025 0.024 0.105 0.129 

O/C mol/mol 0.276 0.138 0.155 0.135 0.131 

H/C mol/mol 0.861 0.539 0.616 0.561 0.505 

LHV MJ kg-1, 

dry 

25.986 26.529 26.074 25.234 25.117 
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Table S3. Average gas concentrations in the gas after the oil mist separator. The reactor wall temperature was 1023 K. 

 Stem wood 

(pine, spruce) 

Forest residue Bark Willow Reed canary grass 

Compounds in dry gas (µGC) [vol %] 

CO 2.33 2.62 2.14 2.75 3.02 

CO2 1.04 1.05 2.07 1.17 1.36 

H2 0.453 0.372 0.915 0.333 0.454 

CH4 0.407 0.479 0.488 0.419 0.496 

C2H4 0.111 0.170 0.145 0.162 0.187 

C2H2 0.0029 0.0072 0.0026 0.0073 0.007 

Trace compounds in dry gas (Varian CP-3800 GC) [vol %] 

C2H6 0.0376 0.0444 0.066 0.0384  

C3H8, C3H6 0.0449 0.0679 0.062 0.0614  

CH3OH 0.0411 0.0580 0.084 0.0664  

C3H6O and 

C3H7OH 

0.0410 0.0528 0.055 0.0495  

Components in wet gas (FTIR) [vol %] 

H2O 2.03 2.30 2.42 2.27 1.84 

CH2O 0.30 0.24 0.13 0.24 0.20 

Heating value1 [MJ/kg] 

 10.68 11.53 8.67 10.34 10.12 

 

 

 
1 The heating value is based on nitrogen free gas. 


